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SUMMARY 

A Kalman f i l t e r   f o r   a i r c r a f t   t e r m i n a l  area a n d   l a n d i n g  
n a v i g a t i o n  w a s  i m p l e m e n t e d   a n d   f l i g h t  tested i n   t h e  NASA A m e s  
STOLAND a v i o n i c s   c o m p u t e r   o n   b o a r d  a Twin Otter a i r c r a f t .  
Th i s   sys t em  combines   nava id   measu remen t s   f rom TACAN, MODILS, 
a i r  d a t a ,  baro-altimeter, a n d   r a d a r  altimeter s e n s o r s   w i t h  
s t r a p - d o w n   a c c e l e r o m e t e r   m e a s u r e m e n t s   a n d   a t t i t u d e   a n g l e s  
o b t a i n e d  from t h e   a t t i t u d e   a n d   h e a d i n g   r e f e r e n c e   g y r o s .  

T h e   f l i g h t  test c o n s i s t e d   o f   f i v e   a p p r o a c h ,   l a n d i n g ,  
a n d   c l i m b o u t   p r o f i l e s .   T h e   a i r c r a f t   p o s i t i o n   a n d   v e l o c i t y  
were estimated s i m u l t a n e o u s l y  by b o t h   t h e  Kalman f i l t e r   a n d  
t h e   r e g u l a r  STOLAND c o m p l e m e n t a r y   f i l t e r .   T h e  errors i n  
p o s i t i o n   a n d   v e l o c i t y ,  as d e t e r m i n e d   b y   t r a c k i n g   r a d a r ,  were 
u s e d   t o   e v a l u a t e   a n d   c o m p a r e   t h e  t w o  f i l t e r s '   p e r f o r m a n c e s .  
P o s t   f l i g h t   s i m u l a t i o n   s t u d i e s  were a l s o  made t o  i d e n t i f y   a n  
i m p r o v e d   c o n f i g u r a t i o n   o f   t h e  Kalman f i l t e r .  

I t  w a s  shown t h a t  it is f e a s i b l e   t o   u s e  a Kalman f i l t e r  
d u r i n g   t h e   l a n d i n g   p h a s e   o f   f l i g h t  f o r  nav iga t ion   computa -  
t i o n s .  I t  w a s  f o u n d   t h a t   t h e  Kalman f i l t e r   i m p r o v e s   t h e  
a c c u r a c y  of t h e  s t a t e  v a r i a b l e  estimates t o  some e x t e n t .   T h e  
tes t  p i l o t   r e p o r t e d   t h a t   o n   o n e  of t h e   f l i g h t   p r o f i l e s ,   o n e  
o f   t h e  best localizer t r a c k i n g   p e r f o r m a n c e s   t h a t   h e   h a d   e v e r  
o b s e r v e d  w a s  o b t a i n e d   w i t h   t h e  Kalman f i l t e r   e n g a g e d .   H o w e v e r ,  
t h e   c o m p u t e r   i m p l e m e n t a t i o n   r e q u i r e m e n t s  of t h e  Kalman f i l t e r  
are somewhat larger t h a n   t h o s e   o f   t h e   s t a n d a r d   c o m p l e m e n t a r y  
f i l t e r .   T h e   r e s u l t s   o f   t h i s   s t u d y   f o r m   t h e  basis  f o r   c u r r e n t  
a n d   f u t u r e   n a v i g a t i o n   s t u d i e s   c o n d u c t e d  a t  NASA A m e s  R e s e a r c h  
C e n t e r .  
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I 

INTRODUCTION 

Ob j ect ives 

This report  describes  the  design  and  flight  test  results 
0f.a Kalman  filter  used  for  aircraft  terminal  area  and  land- 
ing  navigation. The research was conducted  using  the NASA 
Ames STOLAND avionics  system as a test  bed  for the  Kalman 
filter  implementation. The navigation  aids  used  in  the  sys- 
tem  include TACAN for  the  terminal  area  phase  and  MODILS  (a 
low-cost  experimental  version  of  the  Microwave  Landing 
System (MLS)) for  the  final  approach  and  landing  phase. 
Other  navaid  information  used  from  on  board  sources  include 
air data, barometric  altitude  and  radar  altitude. The 
Kalman  filter  combines  the  navaid  information  with  that  from 
a  low  accuracy  inertial  reference  system  comprised of a  con- 
ventional  attitude  and  heading  reference  (vertical  and  direc- 
tional  gyros)  and  a  three-axis  strapdown  (body  mounted) 
accelerometer  package. 

One of the  prime  objectives  of  the  study  effort  was  to 
demonstrate  that  the  Kalman  filter  used  for  terminal  area 
navigation  could  be  mechanized  in  a  manner  such  that  the  com- 
puter  requirements  are  not  prohibitive. This w a s  demonstrated 
by having  a  Kalman  filter  operating  in  parallel  in  the  same 
airborne  computer  where  the  STOLAND  system's  normal  functions 
of navigation,  guidance, control, and  display  were  also  being 
performed.  As is seen  later in this report, the  Kalman fil- 
ter  outputs  can  be  used to drive  display  and  guidance  logic 
with  sufficient  accuracy  for  automatic  landing  of  the  air- 
craft . 

In the  landing  sequence  of  the  aircraft,  the  measurement 
processing rate.needs to be  moderately  high  in order  to  pro- 
vide  the  required  navigation  accuracy.  Algorithms  referred  to 
as complementary  filters  have  been  employed [1,2] in the 
STOLAND  system  to  combine  dead-reckoning  and  position  measure- 
ment  data.  These  algorithms  require  only  a  modest  number  of 
computer  operations. Hence, the  complementary  filters  can 
typically  process  the  position  measurements at the  high  fre- 
quency  rate.  Because the complementary  filters  exist as a 
part of the normal  STOLAND  navigation system, the  navigation 
performance,  computation cycle, and  memory  requirements of 
the  Kalman  and  complementary  filters  could  directly  be  com- 
pared. 



The Kalman  filter was previously  used  in  the  experiment- 
al RAINPAL system [3,4] which  demonstrated  that  the  high 
navigation  accuracy  required for automatic  landing is achiev- 
able  when  using  an  accurate  inertial  (platform-based)  system 
and  precision  ranging  navaids. The system  described  herein 
used  a  number  of  Kalman  filter  mechanization  details  devel- 
oped  for  the  RAINPAL  system such'as: 

(a) the  square  root  implementation, 

(b) computer  time-sharing  logic  for  maximizing  available 
machine  time  -for  the  filter,  and 

(c) approximations  and  logical  implementations  which 
save  computer  operations. 

The  distinction of the  navigation  system  using  the  Kalman 
filter  described  in  this  report is the  lower  accuracy  of  the 
inertial  (strapdown-based)  system  and  the  navaids  used by the 
filter. 

Background 

This research  originally  began [ 5 ]  with  the  design  of  a 
simple  Kalman  filter to operate  in  the  horizontal (x-y) plane 
f o r  potential  use  in  a  STOL  aircraft  landing  navigation  system. 
Computer  simulation  results  (based  on  artificially  generated 
approach  trajectories  and  instrument  errors)  showed  that  the 
Kalman  filter  produced  much  smaller  navigation  errors  than 
did  a  complementary  filter  using  TACAN  data.  The  same  result 
occurred  during  transition  from  TACAN  to  scanning  beam  ILS 
(MODILS)  data. The Kalman  filter  was  shown to gain its 
superior  performance  at  the  expense of real  time  computation 
and  memory  required.  However,  these  additional  computer 
requirements  were  not  considered  excessive. 

Because  of  these  encouraging  results,  the  Kalman  filter 
was  expanded  to  include  the  vertical  axis [6] . The  resulting 
three-axis  Kalman  filter  was  designed  to  be  interfaced  with 
the  displays  and  controls  of  STOLAND.  The  filter  design  was 
then  validated  on t'he NASA  Ames  CDC 7600 computer  using 
recorded  flight  data. The error  characteristics  of  both  the 
Kalman  filter  and  STOLAND  complementary  filter  were  compared 
and  discussed.  In  addition,  a  comprehensive  study  effort  has 
been  undertaken b y  NASA  Ames  scientists  on  the  application  of 
Kalman  filtering  to  terminal  area  navigation.  This  more  gen- 
eral  study  effort  confirms  that  the  particular  design  selected 
for  this  effort  is  appropriate  for  the  STOLAND  system.  Docu- 
mentation of this  NASA  study  will  appear  at  a  future  date. 



was d e c i d e d  t o  m e c h a n i z e   t h e   t h r e e - a x i s  Kalman f i l t e r   i n   t h e  
STOLAND s y s t e m ,   a n d   t h e n  t o  f l i g h t  t e s t  i t  o n   t h e  NASA Ames 
Twin Otter a i r c r a f t .  T h i s   s t u d y  was d e s i g n e d   t o   e x a m i n e   i n  
d e t a i l   t h e   p e r f o r m a n c e   a n d   i m p l e m e n t a t i o n   r e q u i r e m e n t s  of 
u s i n g  a Kalman f i l t e r  f o r  t e r m i n a l  area n a v i g a t i o n .   T h i s  

of  t h e   f l i g h t  tests,  a n d   p r e s e n t s   f u r t h e r   p o s t - f l i g h t   a n a l y -  
r e p o r t   s u m m a r i z e s   t h e  f i l t e r  d e s i g n s ,   d o c u m e n t s   t h e  r e su l t s  

ses . 

A s  a result o f  t h e  success of t h e s e   t h r e e   e f f o r t s ,  i t  

Repor t   Overv iew 

C h a p t e r  I1  of t h i s   r e p o r t   p r e s e n t s   t h e   n o t a t i o n   u s e d  
t h r o u g h o u t   t h e  repor t ,  and  it d e f i n e s   v a r i o u s   s y m b o l s ,  
a c r o n y m s ,   a n d   a b b r e v i a t i o n s .  

s t u d y  is d e s c r i b e d .  T h i s   i n c l u d e s   d i s c u s s i o n  of t h e  STOLAND 
I n   C h a p t e r  111, t h e   o n   b o a r d  test s y s t e m   u s e d   i n   t h e  

Also i n c l u d e d  a re  a b r i e f   g e n e r a l  desc r ip t ion  o f  t h e  t h r e e -  
a v i o n i c s   s y s t e m  and i ts  a s s o c i a t e d   c o m p l e m e n t a r y   f i l t e r s .  

a x i s  Kalman f i l t e r   u s e d   i n   t h e   s t u d y   a n d  a compar i son  of t h e  
i m p l e m e n t a t i o n   r e q u i r e m e n t s   f o r   t h e  Kalman  and  complementary 
f i l t e r s .  

I n  C h a p t e r  I V ,  t h e   f l i g h t  test r e s u l t s  are p r e s e n t e d .  
T h e s e   i n c l u d e  descr ipt ions o f   t h e  t e s t  f a c i l i t i e s ,  d a t a   p r o -  
ce s s ing  p r o c e d u r e s ,   f l i g h t  da ta   co l lec ted ,  test r e s u l t s ,   a n d  
p i l o t  comments. 

I n  C h a p t e r  V ,  post f l i g h t   s t u d i e s   t o   e x p l a i n  test anoma- 
l i e s  a n d   t o   i m p r o v e   f i l t e r  performance are e x p l a i n e d .  

C h a p t e r  V I  p r e s e n t s  some c o n c l u d i n g   r e m a r k s .  

Appendix A g i v e s   t h e   m a t h e m a t i c a l   d e t a i l s  of t h e  Kalman 
f i l t e r  u s e d  i n  t h i s   s t u d y ,   a n d   A p p e n d i x  B p r e s e n t s  some o f  
t h e  o n   b o a r d   m e c h a n i z a t i o n   d e t a i l s .  

T h i s  work was c a r r i e d   o u t   f o r  NASA A m e s  R e s e a r c h   C e n t e r  
u n d e r   t h e   t e c h n i c a l  management of  Mr. Rodney  Wingrove.  The 
STOLAND f l i g h t   s y s t e m   u s e d   i n   t h e  tests was u n d e r   t h e   d i r e c -  
t i o n  o f  Mr. Don Smi th .   The  NASA test p i l o t   r e s p o n s i b l e  f o r  
t h e   o v e r a l l   e v a l u a t i o n  on t h e  STOLAND s y s t e m  simulator a n d  
f o r  t h e   f l i g h t  t e s t s  was Mr. Gordon  Hardy .   The   au thors   wish  
t o  express a p p r e c i a t i o n  t o  t h e   a b o v e   i n d i v i d u a l s   f o r   t h e i r  
c o n t r i b u t i o n s   i n  t h e  o v e r a l l   d e v e l o p m e n t   a n d   f l i g h t  tests o f  
t h e  Kalman f i l t e r   s y s t e m  described h e r e i n .  
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I1 

NOTATION AND DEFINITIONS 

N o t a t i o n  

m e a n i n g  o f  d i f f e r e n t i a t i o n   w i t h   r e s p e c t   t o  time. T h e  ""' 
T h e   n o t a t i o n  of " . ' I  o v e r  a symbol   has  t h e  c u s t o m a r y  

v a l u e   o f   t h e   s y m b o l i z e d   q u a n t i t y .   T h e  l e t t e r  "d" b e f o r e  a 
( h a t )  mark o v e r  a symbol means t h e   " e s t i m a t e d "  o r  "computed" 

t i t y .  For e x a m p l e ,   i f  X is t h e  t r u e   v a l u e  of p o s i t i o n ,  i t  
q u a n t i t y   i n d i c a t e s  a n  e r r o r  or small v a r i a t i o n   o f   t h a t   q u a n -  

may be  w r i t t e n  as t h e  sum o f   t h e   e s t i m a t e d   p o s i t i o n   a n d   t h e  
p o s i t i o n  error,  or 

X = ? + d x  . 

The n o t a t i o n   t k ,  tk+l. e t c . ,   a r e u s e d   t o   d e n o t e   d i s c r e t e  

p 6 i n t s  i n  time. The time p o i n t  tk+l o c c u r s  A t  s e c o n d s  
a f t e r   t k ,  or 

t k + l  = tk  + A t  

The time d i f f e r e n t i a l  A t  d e n o t e s   t h e   p r i m a r y   c y c l e  time o f  
t h e   i m p l e m e n t e d   d i g i t a l  f i l t e r .  

O t h e r   n o t a t i o n s   i n c l u d e :  

= t r a n s p o s e   o f   m a t r i x ;  

E( = e x p e c t e d   v a l u e  of e n c l o s e d   q u a n t i t i e s ;  

( ) x , (  )z  = m a t r i x   r e f e r r e d   t o  t h e  x-y p o r t i o n  of t h e  Kalman 
f i l t e r  and matrix r e f e r r e d   t o   t h e   d e c o u p l e d  z 
p o r t i o n   o f   t h e   f i l t e r ;  

( ) a , (  )b = c o m p u t e d   q u a n t i t y  a f t e r  ( a )   a n d   b e f o r e   ( b )  a n  
u p d a t e  is added ;  

( 'res = r e s i d u a l ,  o r  d i f f e r e n c e   b e t w e e n   w h a t  is c o n s i d -  
e r e d   t h e   c o r r e c t   v a l u e  of a q u a n t i t y  ( e . g . ,  
d e t e r m i n e d  by t r a c k i n g   r a d a r )   a n d   t h e   v a l u e  
d e t e r m i n e d   f r o m   t h e  f i l t e r .  



Roman Symbols 

A - discrete  form  of  the  matrix 

a a a  - sum oi raw  acceleration  measurements  and 
Fx . 

sx’  sy’ sz  estimated  acceleration  biases. 

Ax.A Y , A Z ;  
a xb‘ayb’azb - aircraft  acceleration  measured in body  axes. 

B , C , D  - temporary  matrices  used  to  update  the  square 
root  covariance W. 

bax I bay 3 baz 

bax’bay’baz 

- acceleration  measurement  biases. 

- estimates of acceleration  measurement  biases. 
.. * a 

metric  altitude  measurement. 
actual  and  estimated  bias  errors  in  the  baro- 

actual  and  estimated  bias  error in the TACAN 
range  measurement. 

actual  and  estimated  bias  error  in  the TACAN 
bearing  measurement. 

constant  used  to  test  reasonableness of  a 
measurement  residual.. 

position  and  velocity  smoothing  vectors. 

the n element  continuous  error  state  vector 
of  the  estimate X. 

filter  estimate of the  error  state  vector  dx 

n x n  system  dynamics  matrix. 

n x m  error  distribution  matrix. 

external  measurement  distribution  (sensitiv- 
ity)  matrix. 

sensitivity  vectors of true  airspeed  compon- 
ent.~ to estimated  state. 

sensitivity  vector of altitude  derived  from 
the MODILS elevation  measurement  to  estimated 
state. 



Hh 

Hma 

H m r  

Hms 

Hr 

Ht b 

Ht r 

h~ J h~ 

hr 

ht 

Km 

klx-k4x 

I 

klz-k4z 

NM 
n 

P 

Q 

X 

Qax J Qay 

Qe 

S e n s i t i v i t y  vector of baro-al t i tude  to  esti- 
mated s t a t e .  

Sensi t ivi ty   vector  of MODILS azimuth t o   e s t i -  
mated s t a t e .  

sensi t ivi ty   vector   of  MODILS range t o  esti- 
mated s t a t e .  

accumulated measurement s e n s i t i v i t y  matrix. 

s e n s i t i v i t y  vector of radio  alt imeter measure- 
ment t o   e s t ima ted   s t a t e .  

sens i t iv i ty   vec tor  of TACAN bear ing   to   es t i -  
mated s t a t e .  

s e n s i t i v i t y  vector of TACAN range to  estimated 
s t a t e .  

baro-alt i tude and rad io   a l t i tude .  

runway a l t i t u d e  w i t h  respect   to   sea  level .  

a l t i t u d e  above the TACAN s t a t i o n .  

ident i ty   matr ix .  

Kalman f i l t e r  gain  matrix. 

complementary f i l t e r   ga ins   fo r   t he  x direc- 
t ion. 

Kalman and complementary f i l t e r   g a i n s   f o r  t h e  
z direct   ion.  

magnetic  north. 

number of res iduals  i n  a sum. 

covariance  matrix of t he   e r ro r   s t a t e  dx. 

assumed variance of t h e  random er ror  q. 

assumed variances of a i r   d a t a  measurement 
noise. 

assumed variance of MODILS (elevation der ived)  
a l t i t u d e  measurement. 
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Qh 

&ma 

assumed  variance of baro-altitude  noise. 

assumed  variance of MODILS azimuth  measure- 
ment  noise. 

assumed  variance of MODILS range  measurement 
noise. Qmr 

assumed  variance of radio  altimeter  noise. Qr 

QS 
assumed  variance of random  error  in  the 
accumulated  residual. 

assumed  variance of TACAN bearing  measurement 
noise. Qtb 

assumed  variance of TACAN range  measurement 
noise. ,Qt r 

variance of an  individual  measurement. Qxx 

9 random  noise  error in the  external  measure- 
ment . 
random  noise in the  air  data  measurements. ‘ax ’ qay 

qe random  noise in the MODILS (elevation  derived) 
altitude  measurement. 

random  noise  error in the  baro-altitude 
measurement. ‘h 

random  noise  error in MODILS azimuth  measure- 
ment. ‘ma 

random  noise  in MODILS range  measurement. ‘mr 

‘r random  noise in the  radio  altimeter  measure- 
ment s. 

random  noise  error in the TACAN bearing 
measurement. ‘tb 

random  noise error  in the TACAN range  measure- 
ment. ‘t r 

TACAN or MODILS measured  slant range. 
RS 
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r J r l  

r 

S 
C 

t 

U 

U 

'a ' 'T 
V J V s  

vr 

vx I vy I vz 

A A  

A 

A A A  

vx J vy I vz 

W 

wx wy 

X,? 

A A A  

X J Y J Z  

MODILS s l a n t   r a n g e   a n d  its component i n   t h e  
x-z p l a n e .  

TACAN measured   g round   r ange .  

v a r i a n c e  of t h e   a c c u m u l a t e d  residual o f   an  
i n d i v i d u a l   m e a s u r e m e n t .  

time . 
s t a n d a r d   d e v i a t i o n  of u .  

a c o n s t a n t   v e c t o r   o v e r  t h e  time i n t e r v a l  A t  
f o r  a p p r o x i m a t i n g   t h e  effect  of the random 
v e c t o r  q . 
t r u e  airspeed. 

smoothed v e l o c i t y   v e c t o r .  

estimated v e l o c i t y   v e c t o r .  

g r o u n d   v e l o c i t y   c o m p o n e n t s   a l o n g ,   n o r m a l ,  
a n d   v e r t i c a l  t o  runway. 

estimates of v x , v y , v z .  

t h e  s q u a r e  root  of P .  

w i n d   v e l o c i t y   c o m p o n e n t s   a l o n g   a n d   n o r m a l   t o  
runway. 

estimates of wxlw . 
a c t u a l   a n d  estimated v a l u e s  of t h e  a i r c r a f t ' s  
s t a t e  v e c t o r .  

Y 

p o s i t i o n  of a i rc raf t  i n  a C a r t e s i a n   r e f e r e n c e  
frame w i t h  x a l o n g  t h e  runway, y i n   t h e  
h o r i z o n t a l   p l a n e   n o r m a l   t o   t h e   r u n w a y ,   a n d  z 
normal  t o  t h e  h o r i z o n t a l   p l a n e   a n d   p o s i t i v e  
p o i n t i n g   d o w n w a r d .  

f i l t e r  estimates of x , y , z .  

l o c a t i o n   c o m p o n e n t s  of t h e  MODILS e l e v a t i o n  
a n t e n n a   w i t h  respect t o  t h e  r u n w a y   r e f e r e n c e  
frame. 



xe 2 Ye 9 ze 

xa 2 'a 
A A  
. .  

X m ' Y m ' z m  

xr 9 Yr J zr 

xr ' Y r  9 zr .. .. 

A 

X r 
A 

xS 

X T J  YT-ZT 

A 

Y 

'ax A J y ay  9 

'ax 9 'ay 

'e 9 'e 
A 

'm 

'ma ' 'ma 
A 

A 

'mr ' 'mr 

A 

'r 9 'r 

h 

'tb "tb 

A 

' t r y ' t r  

a i r c r a f t  p o s i t i o n   c o o r d i n a t e s  w i t h  r e s p e c t  t o  
t h e  MODILS e l e v a t i o n   a n t e n n a .  

h o r i z o n t a l   t r u e   a i r s p e e d   c o m p o n e n t s   i n   t h e  
r u n w a y   r e f e r e n c e  frame. 

l o c a t i o n   c o m p o n e n t s  of t h e  MODILS t r a n s p o n d e r  
a n d   s c a n n e r  w i t h  r e s p e c t  t o  t h e   r u n w a y  refer- 
e n c e   f r a m e .  

a i rc raf t  p o s i t i o n   c o o r d i n a t e s   w i t h   r e s p e c t  
t o  t h e   r u n w a y   r e f e r e n c e   f r a m e .  

raw a c c e l e r a t i o n   i n   t h e   r u n w a y   r e f e r e n c e  frame 
as computed  by STOLAND s y s t e m  s o f t w a r e .  

estimated p o s i t i o n   v e c t o r .  

s m o o t h e d   p o s i t i o n   v e c t o r .  

l o c a t i o n   c o m p o n e n t s  of t h e  TACAN ground  s ta-  
t i o n   w i t h   r e s p e c t   t o  t h e  r u n w a y   r e f e r e n c e  
frame . 
computed   va lue  of t h e  e x t e r n a l   m e a s u r e m e n t .  

a c t u a l   a n d  estimated x and y components  
of t r u e  airspeed. 

a c t u a l   a n d   e s t i m a t e d  MODILS a l t i t u d e   m e a s u r e -  
men t s. 

e x t e r n a l  s t a t e  m e a s u r e m e n t   o f   a i r c r a f t .  

a c t u a l   a n d   e s t i m a t e d  MODILS az imuth   measure-  
ment s.  

a c t u a l   a n d  estimated MODILS range   measu re -  
ment s.  

a c t u a l   a n d  estimated rad io  altimeter measure-  
ment s.  

a c t u a l   a n d  estimated TACAN b e a r i n g   m e a s u r e -  
men t s .  

a c t u a l   a n d  estimated TACAN range   measu remen t s .  



Ym - discrete  measurement  residual. 

Ym 

Y 

At 

rr 

- computed  value  of  the  position  measurement 
residual  based  on  the  error  state  estimate d;. 

- accumulated  residual Ay. 

Greek  Symbols 

- constants  used  to  compute  smoothing  vectors 
cx  and  cv. 

- estimated  flight  path  angle 

- major  time  (cycle)  update  period  of  the  Kalman 
filter. 

- acceleration  integration  period  of  the  filter. 

- commanded  change  in  airspeed. 

- error in the  estimated  residual 

- difference  between  the TACAN measured  bear- 

A 

Ym * 

ing  and  the  bearing  of  the  runway. 

- MODILS elevation  angle  measurement. 

- vector  of  m  random  forcing  functions  for 
compensation of error  growth  caused by un- 
modeled  error  sources. 

- time  constant  for  acceleration  measurement 
colored  noise. 

- time  constant  for  barometric  altimeter  meas- 
urement  colored  noise. 

- time  constant  for TACAN range  measurement 
colored  noise. 

- time  constant  for  wind  error  measurement 
colored  noise. 

- time  constants  used  to  compute  smoothing 
vectors  cx  and  c . 

V 

- time  constant  for TACAN bearing  measurement 
colored noise, 
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U a x  yUay 

hb 

s t a n d a r d   d e v i a t i o n  ( s t d )  of a c c e l e r a t i o n  
colored n o i s e ,  

s t d  of barometric a l t i t u d e  colored n o i s e  
( b i a s ) .  

s t d  of barometric a l t i t u d e   r a n d o m   n o i s e .  

s t d  of t h e  mth r e s i d u a l  sum ysm. 

s t d   o n  TACAN r a n g e   r a n d o m   n o i s e .  

s t d   i n  TACAN b e a r i n g   r a n d o m   n o i s e .  

s t d  of TACAN r a n g e  colored n o i s e  ( b i a s ) .  

s t d  of v e l o c i t y   n o i s e .  

s t d  of a i r  da ta  v e l o c i t y   n o i s e .  

s t d  of v e r t i c a l  airspeed error.  

s t d  of wind colored n o i s e  (b ias )  components .  

s t d  of TACAN b e a r i n g  colored n o i s e  (b i a s ) .  

s t d  i n   i n i t i a l   h e a d i n g   m e a s u r e m e n t .  

s ta te  t r a n s i t i o n   m a t r i x  from t i m e  p o i n t  
t o  time p o i n t  tk  

f o r c i n g   f u n c t i o n   s e n s i t i v i t y   m a t r i x   a f f e c t i n g  
s ta te  a t  tk+l due  t o  u ( t k ) .  

a i rc raf t  a t t i t u d e   a n g l e s  ( r o l l ,  p i t c h ,   h e a d -  
i n g )   m e a s u r e d   b y   v e r t i c a l   a n d   d i r e c t i o n a l  
g y r o s .  

commanded a i rc raf t  a t t i t u d e .  

MODILS az imuth   measurement .  

b e a r i n g  of runway w i t h  respect t o  m a g n e t i c  
n o r t h  . 
TACAN m e a s u r e d   b e a r i n g  from m a g n e t i c   n o r t h .  

t k + l .  
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EAD I 

HS I 

MFD 

MODILS 

RA I NPAL 

s t d  

STOLAND 

TACAN 

Abbrevia t ions   and   Acronyms 

- E l e c t r o n i c   A t t i t u d e   D i r e c t o r   I n d i c a t o r .  

- H o r i z o n t a l   S i t u a t i o n   I n d i c a t o r .  

- M u l t i f u n c t i o n   D i s p l a y .  

- m o b i l e ,   s c a n n i n g  beam i n s t r u m e n t   l a n d i n g  
s y s t e m .  

- r e c u r s i v e d   a i d e d   i n e r t i a l   n a v i g a t i o n   f o r   p r e -  
c is ion a p p r o a c h   a n d   l a n d i n g .  

- s t a n d a r d   d e v i a t i o n .  

- i n t e g r a t e d   a v i o n i c s  s y s t e m  f o r  STOL a i r c r a f t .  

- t a c t i c a l  a i r c r a f t   n a v i g a t i o n   a i d ,   p r o v i d i n g  
r a n g e   a n d   b e a r i n g   m e a s u r e m e n t s .  
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TEST SYSTEM  DESCRIPTION 

This chapter  first  presents  a  brief  summary  of the 
STOLAND flight  test  system  which was used to conduct  the 
study  described  in this report. This summary  includes  an 
overview of the STOLAND  system  avionics and a  description of 
its complementary  filters  normally  used  for  terminal  area 
navigation. This is followed by a summary of the  design 
considerations  and  a  brief  description  of  the  Kalman  filter 
which was added to the  STOLAND  software  to  provide  the  experi- 
mental,  alternate  terminal  area  navigation  system  which  is the 
subject  of this study. Then, the  computer  mechanization 
requirements  for  implementing  the  Kalman  filter  and  the  com- 
plementary  filter  are  compared. 

The STOLAND  System 

General  description.- The NASA  Ames  STOLAND  system is an 
integrated  digital  avionics  package  designed'for  testing  ter- 
minal  area guidance, navigation, control, and  display  concepts 
and  for  investigating  operational  procedures  for  short-haul 
aircraft [7-91. The STOLAND  system  can  be  tested in either 
the  Ames  Augmentor  Wing  or  the  Twin  Otter  STOL  aircraft. 
Flight  tests of this system  are  typically  conducted at the 
NASA  Ames  Crows  Landing  facility in central  California  where 
tracking  radar is provided. 

Figure 1 presents  a  pictoral  description  of  the  main 
units of  the  STOLAND  flight  test  system. The subsystem  inter- 
connections  are  illustrated in further  detail by the  block 
diagram  in  Fig. 2. The general  computational  flow  of  the 
navigation,  guidance,  and  flight  control  functions  are  depict- 
ed  in Fig. 3 [9] . 

As is  illustrated  in  Figs. 1-3, the  STOLAND  system  has  a 
moderately  large  number of navaid  receivers, on board sensors, 
and  pilot  control  and  command  inputs  which  are  interfaced 
with  the  Sperry 1819A airborne  computer. This computer  is 
the  heart of the overall  mechanization, and it is used  to 
provide  both  pilot  assist  modes  and  completely  automatic 
modes for  flying the aircraft. The computer is interfaced 
with  various  displays (EADI, MFD, HSI),  control sensors, mode 
select  and  data  entry  panels,  steering column, navaids 
(TACAN, MODILS), vehicle sensors, and the  data  acquisition 
system  through  a  data  adapter. 
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NAVIGATION 

I SENSORS 
VEHICLE I I 

ACQUISITION 

I CONTROL 

ACTUATORS 
SURFACE 
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1819A  COMPUTE 
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4J 
4"-J 
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PANEL 
STATUS 

IKEYBOARD) 
DATA  ENTRY  PANEL 

D i s p l a y  Types : 

EADI  - E l e c t r o n i c   A t t i t u d e   D i r e c t o r   I n d i c a t o r  
H S I  - H o r i z o n t a l   S i t u a t i o n   I n d i c a t o r  
MFD - Mu1 ti f u n c t i o n   D i s p l a y  

FIGURE 1.- PICTORAL  DESCRIPTION OF THE  STOLAND  FLIGHT  TEST  SYSTEM 
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KEVBOARO 
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FIGURE 2,- BLOCK DIAGRAM OF  THE STOLAND SYSTEM 
COMPONENTS [ 81 
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SERVO  ACTUATORS 
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FIGURE 3.- SIMPLIFIED FLOW OF STOLAND  COMPUTATION  FUNCTIONS [8] 



T h e   S p e r r y  1 8 1 9 A  c o m p u t e r   u s e d   i n   t h e  STOLAND s y s t e m  
i m p l e m e n t a t i o n   c o n t a i n s   3 2 , 7 6 8   w o r d s  of 18-bit  memory. The 
s p e e d s   o f   i n d i v i d u a l   o p e r a t i o n s   f o r   s i n g l e   a n d  double p r e c i -  
s i o n   f i x e d   p o i n t  arithmatic o n   t h e  1 8 1 9 A  are as f o l l o w s :  

O p e r a t   i o n  Time ( p s e c )  

ADD ( S i n g l e )  4 
ADD (Doub le )  6 
M u l t i p l y   ( S i n g l e )  24 
Divide ( S i n g l e )   2 4  
LOAD a n d  STORE ( S i n g l e )  . 4  
LOAD a n d  STORE (Double)  6 

The STOLAND 1819A s o f t w a r e  is d i v i d e d   i n t o  many f u n c t i o n s  
which are p r e s e n t e d   i n   T a b l e  1 [9]. Also shown i n   t h i s  t ab l e  
are  t h e   c o m p u t a t i o n  r a t e  a t  which   each  of t h e s e   f u n c t i o n s  is 
p e r f o r m e d ,   t h e  real  time c o n s u m p t i o n   r e q u i r e d   f o r   e a c h   f u n c -  
t i o n ,   a n d   t h e  memory u s a g e   d i v i s i o n  among t h e   f u n c t i o n s .  
Note, i n   p a r t i c u l a r ,   t h a t   t h e  STOLAND s y s t e m   n a v i g a t i o n   f u n c -  
t i o n ,   p e r f o r m e d  a t  a r a t e  o f   2 0  H z ,  r e q u i r e s  0.12 sec of 
e x e c u t i o n  time f o r   e v e r y   o n e   s e c o n d   o f  real time o p e r a t i o n ,  
and  i t  r e q u i r e s   1 , 0 6 6  memory words .  

Also, n o t e   i n   T a b l e  1 t h a t   t h e r e  are about 165 msec o f  
real  time a v a i l a b l e   e a c h   s e c o n d   a n d  10,000 words   o f  memory 
t h a t  are u n u s e d   w h i c h   c a n   b e   u s e d   f o r   a d d i t i o n a l   a v i o n i c s  
f u n c t i o n s .   T h i s   a v a i l a b l e  t i m e  and  memory were u s e d   t o  
i m p l e m e n t   t h e  Kalman f i l t e r  based n a v i g a t i o n   s o f t w a r e .  

C o m p l e m e n t a r y   n a v i g a t i o n   f i l t e r s . -   T h e   c u r r e n t  STOLAND 
n a v i g a t i o n   s y s t e m   c o n s i s t s   o f   S p e r r y   d e s i g n e d   c o m p l e m e n t a r y  
f i l t e r s   [ 2 ]   w h i c h   c o m b i n e  r a w  measu remen t   da t a  from e x t e r n a l  
n a v i g a t i o n   a i d s  (TACAN, MODILS), w i t h   o n   b o a r d   s e n s o r s  ( a i r  
da t a ,  radar a l t imeter ,  l i n e a r  accelerometer, a n d   a l t i t u d e  
a n d   h e a d i n g   r e f e r e n c e ) .   T h e  STOLAND n a v i g a t i o n   e q u a t i o n s  
p r o v i d e   p o s i t i o n   a n d   v e l o c i t y   o f   t h e  a i r c ra f t  w i t h   r e s p e c t  t o  
a r u n w a y - f i x e d   C a r t e s i a n   c o o r d i n a t e   s y s t e m .  

F i g u r e  4 is a p l a n a r   v i e w   o f   t h e  C r o w s  Landing  tes t  
f a c i l i t y   w h e r e   t h e  test f l i g h t s  were c o n d u c t e d   [ l ] .   T h e  
c o o r d i n a t e   s y s t e m   h a s  i ts  o r i g i n  a t  t h e   c e n t e r   o f   t h e   r u n w a y  
a n d   t h e   i n t e r s e c t i o n   o f   t h e   p e r p e n d i c u l a r   f r o m   t h e   p o s i t i o n  
of t h e   s c a n n i n g  beam I L S   r e c e i v e r  (MODILS) e l e v a t i o n   a n t e n n a  
( g l i d e s l o p e )  t o  t h e   r u n w a y   c e n t e r l i n e .   T h e  x a x i s  is a l o n g  
t h e   r u n w a y   c e n t e r l i n e ,   t h e  y a x i s  is away from t h e  MODILS 
e l e v a t i o n   a n t e n n a ,   a n d   t h e  z axis  is downward,  completing 
t h e   C a r t e s i a n  se t .  
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TABLE 1.- STOLAND  SOFTWARE  SUMMARY [ 8 ]  

Tune t i o n  

Haater Executive  and Timing 

Input/Output 

Honitora and Diagnostics 

Keyboard  and  Status Panel 
limber Entry 

DecodeDispLay 

Hode Select  panel  and node 
Interlocks 

Navigation 

Air  Data  Computation 
'C, VTs Qs TTs TS-*)  

Attitude  Stabilization  Control 
Stick  Steering arid Flight 
Director 

Autopilot  and  Autopilot  Execu- 
tive  (includes Trim Tables) 

Electronic AD1 (including 
Runvay Perspective  Display) 

3-D Guidance 

4-0 Guidance 

Multifunction  Display (HFD) 

Borizoatal. Situation  Indicatlr 

Hagnetic  Tape and Digital  Data 
Acquisition 

Speed Control....Autothrottle 
Flap,  Nozzle.  etc 

Data  for  all Hodules (except 
B - 4 D  and HFD) 

Totals 

Preflight  Central  Integrated 
Tet t 

, 

~ 

T i 4  
5olutio1 
(Ileec) 

1.2 

Sa 6 

1.5 

e852 

2.304 

1.3 

6.0 

1.3 

3* 7 

4.0 

4-19 

2.0 

1.2 

6.0 

2.3 

1.2 

1.4 

- 

~~ 

Iteration 
Rate 

ZO/sec 

2o/SCC 

20/8eC 

2OIsec 

20/set 

10/sec 

2O/sec 

2O/sec 

2O/sec 

2O/sec 

2O/sec 

10Isec 

.l/sec t o  
IO/scc 

LOlsec 
and 20/se' 

IO/sec 

2O/sec 

2OIsec 

- 

Time 
Consump ti01 

(msec/sec: 

24.0 

112.0 

30.0 

1.04 

46.08 

13.0 

120.0 

26.0 

74.0 

80.0 

83.8 

20.0 

12.0 
(=x) 

120.0 
( = X )  

23.0 

24.0 

28.0 

- 
835.92 
absolute 
M X  

Hemoty 
Usage 

(words) 

374 

33 9 

619 

1.453 

1,762 

1.066 

132 

880 

3.134 

561 

1,785 

1,304 

3.636 

230 

495 

556 

3,542 

21,868 

2,558 



FUEL 
STORAGE 

FIGURE 4 .  PLANE  VIEW O F  CROWS LANDING TEST  FACILITY 

AND THE NAVAID LOCATIONS [ 1 ] 
SHOWING THE REFERENCE COORDINATE  SYSTEM 
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Figure 5 defines the coordinates  of  the  TACAN  station 
which  provides  measurements of slant range Rs  and  bearing 
9, with  respect to the  aircraft. The geometry  of  the  MODILS 
system is depicted  in  Fig. 6. MODILS  provides  measurements 
of  slant  range R s ,  azimuth qM, and  elevation E .  Both 
MODILS  antennas  have  conical  scans. The elevation  antenna  is 
tilted 5' above  the  horizontal  plane. 

A block  diagram of the STOLAND  navigation  computation 
sequence  is  shown  in  Fig. 7. Navaid  position  data  and  body 
accelerations are transformed  to  components in the  runway 
reference  coordinate  frame  where  they are filtered in separate 
x, y and z complementary  filters. Again, the  on board 
sensors used  for  navigation  measurements are the  TACAN  receiv- 
er  and  the  MODILS receiver, a  body-mounted  accelerometer 
package,  the pitch, roll, and  heading  angles  from  the  attitude 
and  heading  reference system, barornetpic altimeter,  radio 
altimeter, and  an  airspeed  sensor.  The  navigation  subroutines 
develop  estimates of position  and  velocity  with  respect  to 
the  local  runway-fixed  coordinate  frame.  In  conjunction  with 
air data, a  wind  vector is also  estimated  for  use in the 
guidance  computations. In case  of  navaid failure, the  comple- 
mentary  filters  are  reconfigured  for  dead  reckoning  for  a 
maximum of two  minutes  using  air  data  and  the  last  wind  esti- 
mate. 

Figure 8 presents  a  schematic  diagram  of  the  STOLAND 
complementary  filter  for  estimating  aircraft  position fi and 
velocity x components  along  the  runway  centerline  axis [ 2 ] .  

A similar  filter  configuration is used  for  computing $ and $ 
normal  to  the  runway.  Note, in Fig. 8, that  the  acceleration 
measurement x the airspeed  measurement ia, and  navaid 
position  measurement  xr  are  input  and  blended  in  the  filter 
to produce  the  smoothed  estimates. 

h 

r' 

Figure 9 illustrates the complementary  filter  which  is 
used  for  computing  the  vertical  position z and  velocity z 
components. It has  a  slightly  different  configuration  than 
do the  x-y filters, and  it uses  altimeter  and  MODILS  eleva- 
tion  derived  altitude  data  for  updating  the  estimated  vari- 
ables. A complete  discussion  of  these  filters  is  found in 
Ref. 2. 

h A 

The roll, pitch  and  heading  measurements  from  attitude 
gyros  are  used  to  compute  the  transformation  matrix  from 
aircraft  body-fixed  axes to the  runway  reference  system. 
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FIGURE 5.- DEFINITION  OF  TACAN  COORDINATES IN THE 
RUNWAY  COORDINATE FRAME [l] 

x 

SIDE VIEW OF TILT 

-X 

/ 
x 

SIDE VIEW OF TILT 

-X 

FIGURE 6.- GEOMETRY OF MODILS  CONICAL  SCAN  ANTENNAS  USING THE 
RUNWAY-ORIENTED  COORDINATE  SYSTEM [l] 
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@ *  6- 1 BODY  AXIS  TO ] ;,; 
RUNWAY  AXIS 

aXB. ayB ACCELERATION 
TRANSFORMATION 

aZB RUNWAY 

RUNWAY 
REFERENCED 

POSITION 
COORDINATES 
COMPUTATION 

x. y. REFERENCED 
POSITION 

VELOCITY 

NENTS 
COMPO- 

RUNWAY 
REFERENCED 
WIND  VECTOR 
COMPONENTS 

FIGURE 7.- BLOCK DIAGRAM OF STOLAND SYSTEM NAVIGATION 
COMPUTATIONS [ 13 
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I 

x, Computed from Accelerometers) 

$;’ 
I 

klx = J 2 k 2 x  kqx = 0.2 

k2x = RANGE-ANGLE DEPENDENT GAIN I = I N I T I A L I Z A T I O N  ( 5  SEC AFTER 
121 TURN-ON) 

kgX = (k2x) /4 3/2 DR = DEAD  RECKONING 

1 

F X R  
(Computed 
from 
NAVAIDS) 

FIGURE 8.- SCHEMATIC OF STOLAND  X-COMPLEMENTARY FILTER [ 2 ]  



C5 cn 
ZR (Accelerometers) 

I I 

I > 122m I - 

c 
*;, = [z,(n) - z , ( n - l ) I / ~ t  klz = 0.1 

k2z = 0.025 

k3z = 0.2 

k4z = 2.0 

( NAVA I DS) 

FIGURE 9. SCHEMATIC  OF  STOLAND  Z-COMPLEMENTARY  FILTER [2] 



This tranformation, in turn, is used  with  the  accelerometer 
measurements  to  calculate  the  acceleration  components gr, 

Yr 9 
" and z in the runway  reference  system. The raw navaid r 
measurements  are  used to compute,  for  example,  the  position 
vector  component  xr, in Fig. 8. The error  between  the 
measured  position  vector  xr  and  the  estimated  position  vec- 
tor  component  x  is  fed  back  with  the  gains klx, (or kqx), h 

r 
k2x and kgx, as illustrated in  Fig. 8. Basically,  there 
are  eleven  state  variables in  the  three  complementary  filters-- 
three  components  of  each  position,  velocity  and  acceleration 
bias, plus  two  components of the  estimated  wind. 

In  the  complementary  filter  implementation  (see  Ref. 2), 
the  gains  are  either  fixed  or  dependent  on  the  range  and 
bearing  of  the  aircraft  from  the  navaid  station. Also, there 
is  logic for: (a)  the  dead  reckoning  mode  (when  navaid 
measurements  either  are  not  available or  are  rejected),  and 
(b)  navaid  selection. The complementary  filter  combines  the 
inertial  data  with  the  navaid  measurement  data  to  give  filter- 
ed  velocity  and  position  information. 

The attitude  reference  system  used in the  STOLAND  system 
develops  moderately  large  errors in attitude  during  turns  of 
the  aircraft. This is the prime  error  source in the  computed 
acceleration. Also, the  accelerometers  are  not  inertial  grade 
equipment;  the  resulting  accelerometer  errors and  error  in 
the  assumed  gravity  magnitude  (which is assumed  constant)  also 
contribute to errors in the  computed  acceleration. The esti- 
mated  acceleration  biases  are  used  to  provide  some  compensa- 
tion  for  these  error  sources. The filter  gains  are  selected 
as a  compromise in blending  the  low  frequency  acceleration 
errors  and  the  high  frequency  noise  errors  of  the  raw  navaid 
measurements. As is seen later, the  STOLAND  system  comple- 
mentary  filter is able to provide  adequate  accuracy in  posi- 
tion  and  velocity  for  automatic  landing  of  the  aircraft. 

The Kalman  Filter 

Design  considerations.- The selection  of an appropriate 
Kalman  filter  configuration  for  testing  in  the  STOLAND  system 
involved the following  considerations: 

(1) The computer  memory  and  real  time  available in the 
STOLAND  system  were  quite  restrictive. At the 
initiation of the study, it was believed  that if 
the Kalman  filter  design  required  no  more  than 
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3000 words o f  memory or 20% of real  time, t h e n   t h e  
1819A compute r   cou ld   accommoda te   t he   mechan iza t ion .  

( 2 )  The  Kalman f i l t e r   d e s i g n   c o u l d  be set up i n t o  two 
d i f f e r e n t   f o r m s ,  as f o l l o w s :  

( a )   A c t u a l   c a l c u l a t i o n   a n d   u p d a t i n g   o f   t h e   c o v a r i -  
a n c e   m a t r i x   i n  accordance w i t h   t h e o r y ,   a n d   u s e  
o f   a p p r o x i m a t i o n s   c o n s i s t e n t   w i t h   t h e   c o m p u t e r  
memory and   computer  time r e s t r i c t i o n s .  

( b )   E l i m i n a t i o n   o f   t h e   c o v a r i a n c e   m a t r i x   c o m p u t a -  
t i o n s  by u s e   o f   t h e   t h e o r y  t o  d e v e l o p   t h e  
f e e d b a c k   s t r u c t u r e ,   a n d   u s e   o f   p i e c e w i s e   c o n -  
s t a n t   ( o r  s t a t e  d e p e n d e n t )   g a i n s .  

B e c a u s e   t h i s  w a s  a r e s e a r c h   i n v e s t i g a t i o n ,   e i t h e r  
approach   cou ld   have   been   chosen .   Approach  ( b )  would 
h a v e   r e s u l t e d   i n  a less demanding f i l t e r   f r o m  memory 
and  rea l  time c o n s i d e r a t i o n s .  I t  wou ld   p rov ide  a 
c o n f i g u r a t i o n   v e r y   n e a r l y   t h e  same as t h e   c o m p l e -  
m e n t a r y   f i l t e r .   H o w e v e r ,  i t  would be v e r y   s p e c i a l -  
ized t o  o n l y   t h e  te rmina l  area a n d   l a n d i n g   p h a s e   o f  
f l i g h t .   A p p r o a c h   ( a )  was s e l e c t e d   f o r   t h e   i n v e s t i g a -  
t i o n   b e c a u s e   p r o o f   o f  its a p p l i c a b i l i t y   f o r   l a n d i n g  
u s a g e   w o u l d   p r o v e  its a p p l i c a b i l i t y   f o r  a l l  p h a s e s  
o f   f l i g h t .   T h e  discrete  s q u a r e  root  f o r m   o f   t h e  
Kalman f i l t e r  [ l o ]  was u s e d   b e c a u s e  of its mechani- 
z a t i o n  a d v a n t a g e s .  

(3) The   accu racy  of t h e  STOLAND s y s t e m   i n e r t i a l   m e a s u r e -  
m e n t s   d e g r a d e s   s u b s t a n t i a l l y   i n   g o i n g   f r o m   l e v e l  
f l i g h t   i n t o   t u r n s .  A good  mathemat ica l   model   o f  
t h e s e   e r r o r   c h a r a c t e r i s t i c s  w a s  n o t   a v a i l a b l e ,  so 
t h e   f i l t e r   d e s i g n   n e e d e d   t o  be somewhat   ad   hoc   in  
t h e   m a n n e r  of o b t a i n i n g   c o m p e n s a t i o n   f o r   t h e s e   c h a r -  
acter is t ics ,  

( 4 )  As t h e  a i rcraf t  p a s s e s   f r o m   e n r o u t e  t o  t h e   l a n d i n g  
p h a s e ,   t h e   a c c u r a c y   o f   t h e   n a v i g a t i o n   a i d s  (TACAN 
t o  MODILS) was e x p e c t e d  t o  i m p r o v e   s u b s t a n t i a l l y .  
I n  t h e   p r e s e n t   s t u d y ,  TACAN r a n g e   a n d   b e a r i n g   a n d  
barometric a l t i t u d e  were u s e d   i n   t h e   t e r m i n a l  area 
mode. T r a n s i t i o n   f r o m   u s i n g   t h e  TACAN measurements  
t o  more a c c u r a t e  MODILS r a n g e   a n d   a z i m u t h  da ta  
o c c u r r e d   p r i o r  t o  t h e   t u r n   o n t o   t h e   f i n a l   a p p r o a c h .  
T r a n s i t i o n   f r o m   b a r o m e t r i c   a l t i t u d e  t o  a l t i t u d e  
de t e rmined   f rom MODILS e l e v a t i o n   d a t a   o c c u r r e d   o n  
t h e   f i n a l   a p p r o a c h .   T r a n s i t i o n   f r o m  MODILS eleva- 
t i o n  t o  r a d i o   a l t i t u d e   o c c u r r e d  below 30 m (100 f t ) .  
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The Kalman f i l t e r  had  t o  be d e s i g n e d  t o  provide 
s m o o t h   t r a n s i t i o n  i n  g o i n g   b e t w e e n   t h e s e - d i f f e r e n t  
s o u r c e s  of p o s i t i o n   m e a s u r e m e n t   i n f o r m a t i o n .  

The Kalman f i l ter  u s e d   i n   t h i s   s t u d y  w a s  d e v e l o p e d   i n  
stages, as is d i s c u s s e d  i n  R e f s .  5 and 6.  T h i s   a l l o w e d   t h e  
a b o v e   c o n s i d e r a t i o n s  t o  be i n c o r p o r a t e d   i n t o   t h e   f i l t e r  
d e s i g n   w h i c h  w a s  f l i g h t  t e s t e d .  

S y s t e m   d e s c r i p t i o n . -   T h e  Kalman f i l t e r ,  as mechanized 
w i t h i n h e  STOLAND s y s t e m ,  is d e p i c t e d  i n  F i g .  10.  A s  can  be 
s e e n ,   t h e   a d d e d   b l o c k s   i n c l u d e   t h e   n a v i g a t i o n   e q u a t i o n s ,   t h e  
x-y f i l t e r ,   t h e  z f i l t e r ,   a n d   t h e   s m o o t h i n g  l og ic .  

The f i l t e r   e q u a t i o n s  were o r i g i n a l l y   d e v e l o p e d   f o r   t h e  
h o r i z o n t a l   p l a n e   [ 5 ]   ( x - y   f i l t e r )   a n d   t h e n   f o r   t h e   v e r t i c a l  
d i r e c t i o n  ( z  f i l t e r )   [ 6 ] .  I t  p roved  t o  b e   e f f i c i e n t  t o  main- 
t a i n   t h i s   d e c o u p l i n g   i n   t h e   m e c h a n i z a t i o n .  

T h e   e q u a t i o n s   w h i c h  were u s e d  t o  d e v e l o p   t h e  Kalman 
f i l t e r  d e s i g n  are p r e s e n t e d   i n   d e t a i l   i n   A p p e n d i x  A .  These  
are s u m m a r i z e d   i n   T a b l e  2 .  T h e   e q u a t i o n s  were d i v i d e d   a n d  
mechanized  i n t o  t h r e e   p r i o r i t y   l e v e l s  as  shown i n   t h i s  table .  
They are r e f e r r e d  t o  as  F o r e g r o u n d ,   F i r s t   L e v e l   B a c k g r o u n d ,  
and   Second Level  B a c k g r o u n d   e q u a t i o n s .  An e x p l a n a t i o n  of how 
t h e   a v a i l a b l e  r ea l  time of t h e  STOLAND s y s t e m  i s  d i v i d e d  t o  
m e c h a n i z e   t h e   t h r e e   p r i o r i t y   l e v e l s  is g i v e n   i n   A p p e n d i x  B .  

T h e   F o r e g r o u n d   ( N a v i g a t i o n )   e q u a t i o n s  are u s e d   t o   i n t e -  
grate  t h e   a c c e l e r o m e t e r   r e a d i n g s  a t  a h i g h  r a t e  (20  H z ) .  The 
F i r s t   L e v e l   B a c k g r o u n d   e q u a t i o n s   a c c u m u l a t e   a n d   p r e p r o c e s s  
t h e   p o s i t i o n   a n d  a i r  d a t a   m e a s u r e m e n t s  a t  one -ha l f  (10  H z )  
t h e   i n t e g r a t i o n  ra te .  

T h e r e  w a s  n o t   s u f f i c i e n t  real time a v a i l a b l e  t o  e x e c u t e  
t h e   e n t i r e  Kalman f i l t e r   e q u a t i o n s  a t  t h i s   s p e e d .   T h u s ,   t h e  
m a j o r i t y  of t h e  Kalman f i l t e r   C o m p u t a t i o n s  were d i s t r i b u t e d  
o v e r   t h e   r e m a i n i n g  real time a v a i l a b l e   d u r i n g  a 1 .5  sec 
p e r i o d   ( 0 . 6 6 7  H z ) .  These   Second   Leve l   Background   computa t ions  
are l i s t ed  i n  T a b l e  2 ,  a n d   t h e y  are e x p l a i n e d  i n  Appendix A .  

A t  t h e   e n d  of e v e r y  1 .5  sec p e r i o d ,   t h e r e  is a d i s c r e t e  
u p d a t e  t o  t h e   e s t i m a t e d  s t a t e  v a r i a b l e s   b a s e d   o n   p r o c e s s i n g  
e x t e r n a l   m e a s u r e m e n t s   b y   t h e  Kalman f i l t e r .   T h e s e   u p d a t e s  
c o u l d   c a u s e   u n d e s i r a b l e   j u m p s   i n   t h e   e s t i m a t e s ,   f r o m  a u s a g e  
( d i s p l a y ,   c o n t r o l )   p o i n t  of v i e w .   T h u s ,   t h e   s m o o t h i n g   l o g i c  
shown i n   F i g .  10 w a s  added  t o  t a k e   o u t   t h e   a b r u p t   c h a n g e s .  
T h i s   l o g i c  is e x p l a i n e d   i n   A p p e n d i x  A .  F u r t h e r   d e t a i l s   o n  
i n t e r f a c i n g   t h e  Kalman f i l t e r   w i t h   t h e  STOLAND sys t em  and  
i n i t i a l i z a t i o n  of t h e   f i l t e r  are also p r e s e n t e d   i n   A p p e n d i x  
A .  
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TABLE 2. - SUMMARY OF MECHAMZED PZALMAN FILTER EQUATIONS 
~~ ~ - .  .. . . .. - .. ~ . . ~ .  . ". . .- -- 

THE  EQUATIONS  SOLVED I N  THE 1819A COMPUTER ARE S U W R I Z E O  BELOW 

RATE EQUATIONS EXPLANATION 

(A-0.05  secl.   Update  state  equations  (Navigation  equations) 

(Foreground ) 
Si( t+A) I il(t) + [ii-3tii+3 ( t ) l A  update   ve loc i t ies  i = 4-6 

z ' ( t + A )  = zi(t) + [",+3(ttA)+~i*3(t)]A/2 update   pos i t ion  1=1-3 

i i ( t + A )  = i i i ( t )  update  states i = 7-14 

( F i r s t   L e v e l  
Background) 

. . - " -. . - . 

0.667 Hz 

Level 
(Second 

Background) 

JA= 0.1 secl .  
ments ( k  = 1-6) 
Measurment  preprocessing;  executed f o r   a l l   v a l l d  measure- 

by' = yk - i k  compute res idua l  

y: = y: + Ayk  residual  sum 

Hk = V x i k  

H: = Hk@ 

H! = H: + H: 

canpute  measurenent  gradi- 
e n t   ( p a r t i a l )  

r e f e r   p a r t i a l   t o   b e g i n n i n g   o f  
0.667 Hz cyc le  

p a r t i a l  sum 

JA=1.5  sec).  Update  incremental  state and covar lance  matr ix   us ing  Pot ter 's  
a l g o r i t h :  Executed f o r  each o f   t h e   f i v e  measurements i n  
e f f e c t  (NJOILS o r  TACAN, a i r  data, and a l t i t u d e )  

Sk = H! WUT(HI[)T + Q! v a r i a n c e   i n   r e s i d u a l  

d i  = d; + WT(HI[)T[y: - H:d;]/Sk update  incremental  state 
vector 

update  square r o o t   c o v a r i -  
ance m a t r i x  

Add i n c r e m e n t a l   s t a t e   t o   s t a t e   e s t i m a t e s   ( i = l - l 4 )  

d x ( t )  = Cdx 

xi = xi + dxi 

dx' = 0 

Update UT w i t h   f o r c i n g   f u n c t i o n s  

r e f e r   s t a t e  change t o   c u r -  
ren t   t ime  

update  states 

U T ( t + A )  -. upper   t r langu lar  form using  Householder's  algorithm. 
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One of t h e   o b j e c t i v e s  of t h i s   s t u d y  w a s  t o  c o m p a r e   t h e  
pe r fo rmance  of t h e  Kalman f i l t e r  t o  t h a t   o b t a i n e d   f r o m   t h e  
complementary filters which are a p a r t  of t h e   r e g u l a r  STOLAND 
s o f t w a r e .  I t  is u s e f u l  t o  n o t e   t h e   d i f f e r e n c e s   o f   t h e  t w o  
m e c h a n i z a t i o n s  a t  t h i s  time. I n   F i g s .  8 and  9 ,  t h e   c o m p l e -  
m e n t a r y   f i l t e r s  are d e p i c t e d  a s  b e i n g   m e c h a n i z e d   i n  a c o n t i n u -  
o u s   f a s h i o n .   T h i s  is e s s e n t i a l l y  correct i n  t h a t  t h e   i n t e g r a -  
t i o n s  are  m e c h a n i z e d   d i g i t a l l y   i n   t h e  STOLAND software w i t h  
a n   u p d a t e  ra te  o f   2 0  Hz. 

The  Kalman f i l t e r   c a n  a l so  be d e s c r i b e d   w i t h   c o n t i n u o u s  
e q u a t i o n s   [ l l ] .   T h e n ,   t h e s e   e q u a t i o n s   c a n  a lso be p l a c e d   i n  
analog fo rm,  as  is shown f o r  the   complemen ta ry  filters. T h i s  
is done f o r  t h e  z f i l t e r   i n   F i g .  11. The basic form is 
e s s e n t i a l l y   t h e   s a m e ,  as is d i s c u s s e d   i n   R e f .   1 2 .   T h e   p r i m a r y  
d i f f e r e n c e s  are as  follows: 

The  complementary f i l ters  h a v e   p o s i t i o n   d e p e n d e n t  
o r  f i x e d   g a i n s   ( e . g . ,   k l x ,  kZx, kgxJ  kqx i n   F i g .  8 ;  

k l z J  k2z’ k 3 Z J  k4z 

k 3 Z ’  k4z 

i n   F i g .  9). The  Kalman f i l t e r  
h a s   c o n t i n u o u s l y   c h a n g i n g   g a i n s   ( e . g . ,  k lzJ  k2z ,  

i n   F i g .  11). T h e s e   g a i n s  are computed 
t o  be o p t i m a l   u s i n g  t h e  s q u a r e  roo t  c o v a r i a n c e  
matrix.  They are d e f i n e d   b y   E q s .  ( A . l l )  of   Appendix 
A .  

T h e   c o m p l e m e n t a r y   f i l t e r s  are e s s e n t i a l l y   d e c o u p l e d  
( e . g . ,  x, y ,   a n d  z f i l t e r s ) .  The  Kalman f i l t e r  
t akes  a d v a n t a g e  of n a t u r a l   c o u p l i n g   a n d  h a s  cross- 
c o u p l i n g   g a i n s .  T h i s  p r o v i d e s  be t te r  a c c u r a c y  a t  
t h e  cost o f   c o m p l e x i t y .  

The K a l m a n  f i l t e r   p r o v i d e s  a s y s t e m a t i c  way o f  
c o m p u t i n g   a d d i t i o n a l   i n f o r m a t i o n   w h i c h   i m p r o v e s   t h e  
a c c u r a c y   o f   t h e   o u t p u t .   T h i s   i n f o r m a t i o n  is i n  t h e  
f o r m   o f   a d d i t i o n a l  s t a t e  v a r i a b l e s   w h i c h   c a n  be u s e d  
t o  remove  measurement errors. F o r   t h i s   s t u d y ,   t h e  
Kalman f i l ter  p r o v i d e d   t h r e e   c o m p o n e n t s   o f   p o s i t i o n ,  
v e l o c i t y ,   a n d   a c c e l e r a t i o n  bias and  two components  
o f   t h e   h o r i z o n t a l   w i n d ,  a s  d i d  t h e  complementary 
f i l t e rs .  The Kalman f i l t e r  a l so  p r o v i d e d  estimates 
of TACAN range   and   bea r ing   measu remen t  b ias  and  
baro-altimeter b i a s .  

Each of t h e  a b o v e   p o i n t s  allow t h e  Kalman f i l t e r  t o  pro-  
v i d e   g r e a t e r   a c c u r a c y .   T h e  cost is g r e a t e r   m e c h a n i z a t i o n  
c o m p l e x i t y  . 
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FIGURE 11.- SCHEMATIC  ANALOG  FORM  OF  KALMAN  FILTER 
FOR  VERTICAL  DIRECTION. 

Comparison of Mechanization  Requirements 

The three-axis  Kalman  filter  mechanization  used in the 
flight  tests  required  approximately 3000 words of memory  and 
18% real  time  availability  of  the 1819A computer.  Minor 
modifications in the  Sperry  STOLAND  display  logic  were  made 
in order  to  obtain the required  time  for  the  Kalman  filter. 
As was previously  mentioned,  the  complementary  filter  requires 
1,066 words of memory  and 12% real  time  availability of the 
1819A  computer.  These  demands  are  not so large as to  preclude 
the  use of the  Kalman  filter in the operational  sense. 

Qb 
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IV 

FLIGHT  TEST  RESULTS 

To test t h e  Kalman f i l ter  n a v i g a t i o n   s y s t e m   a n d  t o  com- 
pare its p e r f o r m a n c e   w i t h   t h a t   o f   t h e  STOLAND complementary 
f i l ters ,  f i v e   d i f f e r e n t   l a n d i n g   a p p r o a c h e s   ( f l i g h t   s e g m e n t s )  
were made u s i n g   t h e   s y s t e m   o n  Dec. 10,  1976. T h i s   c h a p t e r  
f i r s t   d e s c r i b e s   t h e   f l i g h t  tes t  f a c i l i t i e s  a n d   d a t a   p r o c e s s i n g  
p r o c e d u r e s ,   t h e   d a t a   r e c o r d e d   d u r i n g   t h e   t e s t s ,  and t h e   f l i g h t  
p r o f i l e s   f l o w n .   T h e n ,   t h e   r e s u l t s  of t h e s e  tests are summar- 
ized. 

F l i g h t   T e s t   D e s c r i p t i o n  

T h e   f i v e  tes t  f l i g h t   s e g m e n t s  were made a t  t h e  NASA 
C r o w s  Landing  NALF tes t  f a c i l i t y   n e a r   M b d e s t o ,  C a l i f .  T h i s  
f a c i l i t y   h a s  a r a d a r   t r a c k i n g   s y s t e m   c o n s i s t i n g  of t w o  modi- 
f i e d   N i k e - H e r c u l e s   r a d a r s .   T h e   m o d i f i c a t i o n   p r o v i d e s   i m p r o v e d  
p o s i t i o n   r e s o l u t i o n   t h r o u g h   t h e   u s e  of 19-bit  r a n g e   a n d   a n g l e  
d i g i t a l  s h a f t   e n c o d e r s .   T h e   f l i g h t s  were made u s i n g   t h e  NASA 
A m e s  Twin O t t e r  a i r c ra f t .  A t r a n s p o n d e r   o n   b o a r d   t h e   a i r c r a f t  
w a s  u s e d  t o  i m p r o v e   t h e  radar a n g u l a r   t r a c k i n g .  

A da t a  r e c o r d i n g   s y s t e m   o n   b o a r d   t h e   a i r c r a f t  w a s  u s e d  
t o  o b t a i n   t h e   o u t p u t s   f r o m   t h e  STOLAND complementary  and 
Kalman f i l t e r s   p l u s   t h e  r a w  m e a s u r e m e n t s   f r o m   t h e   o n   b o a r d  
i n s t r u m e n t s .   T h e   i n s t r u m e n t   m e a s u r e m e n t s   i n c l u d e d   t h e  TACAN 
b e a r i n g   a n d   r a n g e ;   t h e  MODILS a z i m u t h ,   e l e v a t i o n ,   a n d   r a n g e ;  
t h e   t r u e   a i r s p e e d ;   t h e   b a r o m e t r i c   a n d   r a d i o   a l t i t u d e ;   t h e  
x, y ,   a n d  z body-mounted/accelerometer o u t p u t s ;   a n d   t h e  r o l l ,  
p i t c h ,   a n d   h e a d i n g   a n g l e s  a s  m e a s u r e d   b y   t h e   v e r t i c a l   a n d  
d i r e c t i o n a l   g y r o s .   A l s o ,   t h e s e   d a t a   m e a s u r e m e n t s  were d i r e c t -  
l y  telemetered t o  t h e   g r o u n d   a n d   d i g i t a l l y   r e c o r d e d .   C l o c k s  
on  t h e   a i r c r a f t   a n d  a t  t h e   g r o u n d   f a c i l i t y  were i n i t i a l l y  
s y n c h r o n i z e d  so  t h a t   t h e  data r e c o r d e d   o n   t h e   a i r c r a f t   c o u l d  
a l so  be d i r e c t l y  correlated w i t h   t h a t   o b t a i n e d   f r o m   t h e  
g r o u n d - b a s e d   r a d a r s .  

T h e   r a d a r   p o s i t i o n   m e a s u r e m e n t s  were c o m b i n e d   w i t h   t h e  
a i r c r a f t  accelerometer measu remen t s   i n   complemen ta ry  f i l ters 
i m p l e m e n t e d   i n   t h e   p o s t - f l i g h t   d a t a   p r o c e s s i n g   p r o g r a m .   T h i s  
f i l t e r i n g   p r o c e d u r e  w a s  u s e d  t o  s m o o t h   t h e  radar measurements  
and  t o  d e r i v e   g o o d  estimates of t h e   a i r c r a f t ' s   a c t u a l   p o s i t i o n  
a n d   v e l o c i t y   t h r o u g h o u t   e a c h   f l i g h t   s e g m e n t .   T h e s e   s m o o t h e d ,  
r a d a r   d e r i v e d  t ra jec tor ies  were t h e n   u s e d  as t h e   s t a n d a r d  
w i t h   w h i c h  t o  assess t h e  performance of t h e  Kalman  and comple- 
men ta ry  filters. 
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T h e   d i f f e r e n c e s  b c t y e p  t h e   t h r e e  components of p o s i t i o n  
( x , y , z )   a n d   v e l o c i t y   ( x , y , z )   d e r i v e d  from t h e  on  b o a r d  Kalman 
and c o m p l e m e n t a r y   f i l t e r s  and  t h e  same componen t s   de r ived  from 
r a d a r  were computed and compared.  An a s s e s s m e n t   o f   t h i s  data 
w a s  t h e n  made t o  e v a l u a t e   t h e  t w o  f i l t e r s '   p e r f o r m a n c e s .  

T h e   f i v e   s e g m e n t s   f l o w n   c o n s i s t e d  of a series o f   t o u c h -  
a n d - g o   p r o f i l e s .   T h e s e   p r o f i l e s  are shown i n   F i g s .   1 2 - 1 6 .  
T h e s e   f i g u r e s   s h o w   e a c h   t r a j e c t o r y   f r o m  a h o r i z o n t a l   v i e w  
( x - y   p l a n e )  and a r u n w a y   p l a n a r   v i e w   ( x - z   p l a n e ) .  Discrete 
e v e n t s ,   s u c h  as t h e   t r a n s i t i o n   p o i n t   f r o m  TACAN r a n g e / b e a r i n g  
t o  MODILS range /az imuth   measu remen t s ,  are i n d i c a t e d   o n   t h e s e  
p r o f i l e s .   T h e   r e c o r d   o f   t h e   n a v a i d   m e a s u r e m e n t s   ( a i r s p e e d ,  
a l t i t u d e ,  MODILS r a n g e ,   b e a r i n g ,   a n d   e l e v a t i o n )   a n d   i n e r t i a l  
measurements  ( a c c e l e r o m e t e r   a n d   a t t i t u d e   g y r o )   f o r   e a c h   o f  
t h e s e   p r o f i l e s  are  d e p i c t e d   i n   F i g s .   1 7 - 2 1  as a f u n c t i o n  of 
time. F i g u r e s   1 2 - 2 1   c a n  be used t o  d e t e r m i n e   t h e   u n i q u e  
f e a t u r e s   o f   e a c h   f l i g h t   s e g m e n t   w h i c h   a f f e c t   t h e   p e r f o r m a n c e  
o f   t h e   f i l t e r s .  

The first f l i g h t   s e g m e n t ,  shown i n   F i g .   1 2 ,   c o n s i s t e d  of 
a t y p i c a l   a p p r o a c h ,   l a n d i n g ,   a n d   r o l l o u t   s e q u e n c e .   I n   t h i s  
t e s t ,   t h e   i n i t i a l   n a v i g a t i o n   i n f o r m a t i o n  came f rom TACAN 
r a n g e   a n d   b e a r i n g   m e a s u r e m e n t s   a n d   t h e  baro-altimeter. ( I n -  
f o r m a t i o n   f r o m   t h e   b a r o - a l t i m e t e r   r e m a i n e d   v a l i d   t h r o u g h o u t  
t h i s   a n d  a l l  o t h e r   f l i g h t  s egmen t s . )  A t  130 sec past t h e  
i n i t i a l   p o i n t ,   t h e  MODILS r a n g e   a n d   a z i m u t h  data b e c a m e   v a l i d .  
(Bo th   ha rdware  discretes ( r a n g e  and a z i m u t h )   s h o w   v a l i d   d a t a ,  
a n d   t h e   a z i m u t h   a n g l e  becomes less than   20O. )   Thus ,  MODILS 
r a n g e   a n d   a z i m u t h   m e a s u r e m e n t s   r e p l a c e d   t h e  TACAN d a t a   b e y o n d  
t h i s   p o i n t  f o r  i n p u t  t o  t h e  x-y f i l t e r .  A t  202 sec pas t  t h e  
i n i t i a l   p o i n t ,   t h e  MODILS e l e v a t i o n   i n f o r m a t i o n  w a s  a c c e p t e d  
b y   t h e  z f i l t e r .   ( T h e  c r i t e r i a  f o r  i ts  a c c e p t a n c e  is t h a t  
t h e  MODILS e l e v a t i o n   v a l i d   f l a g   m u s t  be t r u e ,   t h e   a i r c r a f t  
x - p o s i t i o n   ( i n   t h e   r u n w a y   r e f e r e n c e   f r a m e )   m u s t  be more p o s i -  
t i v e   t h a n  -10,856 m ( - 3 5 , 6 1 6   f t ) ,   a n d   t h e   a i r c r a f t   h e a d i n g  
a n g l e   w i t h   r e s p e c t  t o  t h e   r u n w a y  must be w i t h i n   + 2 0 ° . )  A t  
328 sec past t h e  i n i t i a l  p o i n t ,   t h e   r a d a r   a l t i t u d e  became 
less t h a n  30.5 m ( 1 0 0   f t ) .   T h u s ,   b e y o n d   t h i s   p o i n t ,  it w a s  
u s e d   i n s t e a d   o f   t h e  MODILS e l e v a t i o n   m e a s u r e m e n t s   f o r   i n p u t  
t o  t h e  z f i l t e r .  Touchdown o c c u r r e d  a t  3 4 1  sec p a s t   t h e  i n i -  
t i a l  p o i n t .  

T h e   s e c o n d   f l i g h t   s e g m e n t ,   d e p i c t e d   i n   F i g .   1 3 ,   b e g a n  
w i t h   t h e   a i r c r a f t   h a v i n g  a 49 m (160 f t )   a l t i t u d e   s h o r t l y  
a f t e r   t a k e - o f f .   T h e   a i r c r a f t   c l i m b e d   o u t  t o  abou t   457  m 
( 1 , 5 0 0   f t )   a l t i t u d e ,   a n d  i t  was p o s i t i o n e d   t o   b e g i n  a t y p i c a l  
4 5 '   a p p r o a c h   l e g .   T h e n ,   a n   a p p r o a c h   a n d   l a n d i n g   s e q u e n c e  w a s  
e x e c u t e d  similar t o  t h a t  of t h e   f i r s t   s e g m e n t   ( F i g .   1 2 ) .  
D u r i n g   t h e   l a n d i n g   p o r t i o n ,   t h e   a i r c r a f t   d e s c e n d e d  t o  abou t  
1 2 . 2  m ( 4 0  f t )   a l t i t u d e   a f t e r   w h i c h  it c l i m b e d   o u t   a g a i n .   T h e  
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FIGURE 12 . -  PROFILE OF FIRST  FLIGHT SEGMENT. 
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f i n a l  p o r t i o n  of t h e   t r a j e c t o r y  cons is ted  of a m a n e u v e r   t h a t  
p u t   t h e  a i rc raf t  a g a i n  on  t h e  downwind l e g  of t h e   a p p r o a c h .  
The MODILS r ange   and   az imuth   measu remen t s  became v a l i d  a t  
275  sec after i n i t i a t i o n .  The MODILS e l e v a t i o n  data became 
v a l i d  a t  331 sec. Between 333 sec and 337 s e c ,   t h e  MODILS 
r a n g e  data were i n v a l i d   ( d a t a   d r o p o u t ) .   T h e   r a d a r  altimeter 
d a t a  were u s e d   b e g i n n i n g  a t  4 1 1  sec ( a l t i t u d e  below 30.5 m 
( 1 0 0   f t ) ) .   T h e  x-y f i l t e r   s w i t c h e d   b a c k  t o  TACAN measurements  
a t  4 2 1  sec. The TACAN data r e m a i n e d   v a l i d   f o r   u s e   t h r o u g h o u t  
t h e   r e m a i n d e r   o f   t h i s   f l i g h t   s e g m e n t .  

T h e   t h i r d   f l i g h t   s e g m e n t ,  shown i n  F i g .   1 4 ,   b e g a n   o n   t h e  
downwind leg o f   t h e   a p p r o a c h   a n d   e n d e d   d u r i n g   t h e   r o l l o u t  
p h a s e .  MODILS r a n g e   a n d   a z i m u t h   d a t a  became v a l i d  a t  29 sec 
p a s t   t h e   i n i t i a l   p o i n t .  MODILS e l e v a t i o n   d a t a  became v a l i d  
a t  79 sec. Radar a l t i t u d e  s tar ted b e i n g   u s e d  a t  155 sec. 
Touchdown o c c u r r e d  a t  168 sec p a s t   t h e   i n i t i a l   p o i n t .  

T h e   f o u r t h   f l i g h t   s e g m e n t ,  shown i n   F i g .   1 5 ,   b e g a n  
d u r i n g  a c l i m b o u t  a t  a b o u t   1 5 . 2  m ( 5 0   f t )   a l t i t u d e .   T h i s  seg- 
m e n t   c o n s i s t e d   o f   c l i m b o u t  t o  457 m ( 1 , 5 0 0   f t ) ,   p o s i t i o n i n g  
f o r  a 45O approach  leg,  normal  downwind, base, a n d   f i n a l  
a p p r o a c h   l e g s ,   l a n d i n g ,   t a k e - o f f ,   a n d  climbout .aga in  t o  457  m 
(1,500 f t ) .  T h e   s e g m e n t   b e g a n   w i t h   t h e   f i l t e r   u s i n g  TACAN 
data. MODILS r a n g e   a n d   a z i m u t h   d a t a   b e c a m e   v a l i d  a t  321  sec.  
MODILS e l e v a t i o n   d a t a  became v a l i d  a t  394 sec. However, t h e  
n a v a i d   s e l e c t i o n  w a s  n o t   s w i t c h e d  by t h e   p i l o t  t o  MODILS u n t i l  
430  sec a t  which time t h e  MODILS d a t a  were used .   Radar  a l t i -  
meter d a t a  were used   be tween  516 sec and  551 sec. Touchdown 
w a s  a t  533 sec. Take-of f  w a s  a t  544 sec. The f i l t e r s   b e g a n  
u s i n g  TACAN d a t a   a g a i n  a t  569 sec. 

T h e   f i f t h   f l i g h t   s e g m e n t ,   d e p i c t e d   i n   F i g .  16,  c o n s i s t e d  
of a base l e g ,   f i n a l   a p p r o a c h ,   a n d   l a n d i n g .   T h i s   s e g m e n t  
b e g a n   w i t h   t h e  MODILS r a n g e   a n d   a z i m u t h   d a t a   b e i n g   u s e d   b y   t h e  
x-y f i l t e r .  A t  2 3  sec p a s t   t h e   i n i t i a l   p o i n t ,   t h e  MODILS 
e l e v a t i o n   d a t a  became v a l i d ,   a n d   t h e y  were u s e d   f o r   a l t i t u d e  
c o m p u t a t i o n s .  A t  149  sec ,  t h e   r a d a r  altimeter d a t a  were 
a c c e p t e d ,   a n d   t o u c h d o w n   o c c u r r e d  a t  161 sec. 

F l i g h t  T e s t  R e s u l t s  

Before t h e   f l i g h t  tests were c o n d u c t e d ,  two d i f f e r e n t  
outcomes were e x p e c t e d .   F i r s t ,  i t  was t h o u g h t   t h a t   t h e   g e n -  
e r a l  n a v i g a t i o n   a c c u r a c y   w o u l d   i m p r o v e   f r o m   b o t h   f i l t e r s   i n  
go ing   f rom TACAN d a t a  t o  MODILS d a t a .   T h i s  w a s  b e c a u s e  a 
TACAN s y s t e m  is d e s i g n e d   t o   h a v e   a c c u r a c i e s   a d e q u a t e   f o r  
e n r o u t e   n a v i g a t i o n   u s a g e ,   a n d  MODILS is  i n t e n d e d   t o   p r o v i d e  
p r e c i s i o n   t e r m i n a l  area n a v i g a t i o n   i n f o r m a t i o n .  
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Second, it w a s  e x p e c t e d   t h a t   t h e  Kalman f i l t e r  would pro- 
v i d e   s u p e r i o r   n a v i g a t i o n   i n f o r m a t i o n   t o   t h a t  of t h e  comple- 
m e n t a r y   f i l t e r .   T h i s  w a s  because t h e  Kalman f i l t e r  w a s  con- 
f i g u r e d  t o  estimate and   compensa te  for TACAN r a n g e   a n d   b e a r i n g  
b i a s   a n d   b a r o - a l t i t u d e  bias. I n  t h e   p r e v i o u s   s i m u l a t i o n   s t u d y  
of t h e  x-y f i l t e r  [ 5 ] ,  t h i s   p r o v e d  t o  be t h e  case. However, 
t h e s e  s i m u l a t i o n  resul ts  were b a s e d  o n  t h e   a s s u m p t i o n   t h a t  
large TACAN a n d   b a r o - a l t i t u d e  b i a s  errors were i n d e e d   p r e s e n t .  

F i g u r e s   2 2 a - 2 6 a   s h o w   t h e   d i f f e r e n c e s   ( r e s i d u a l s )   b e t w e e n  
t h e   t h r e e   c o m p o n e n t s   o f   p o s i t i o n   a n d   v e l o c i t y ,  a s  o b t a i n e d  
f rom radar measurement -der ived  estimates, a n d   t h o s e   c o m p o n e n t s  
e s t i m a t e d   b y   t h e  Kalman f i l t e r ,   f o r   e a c h   o f   t h e   f i v e   f l i g h t  
s e g m e n t s .   F o r   e x a m p l e ,   f o r   t h e  x p o s i t i o n . c o m p o n e n t ,  

X = x  res r a d a r  f i l t e r  - x  

F i g u r e s   2 2 b - 2 6 b   s h o w   t h e   c o r r e s p o n d i n g   r e s i d u a l s   w h i c h  were 
c o m p u t e d   u s i n g   t h e   c o m p l e m e n t a r y   f i l t e r  estimates. T h u s ,   t h e  
r e s i d u a l s  of t h e  t w o  f i l t e r s   c a n   b e   d i r e c t l y   c o m p a r e d  t o  g e t  
a n   i n d i c a t i o n  of r e l a t i v e   p e r f o r m a n c e   o f   t h e  t w o  methods.  

F i g u r e s   2 2 a   a n d   2 2 b   s h o w   t h e   r e s i d u a l s  from t h e   f i r s t  
f l i g h t   s e g m e n t   w h i c h   c o n s i s t e d   o f  a s i n g l e   a p p r o a c h   a n d   l a n d -  
i n g   t r a j e c t o r y .   T h e  MODILS r a n g e   a n d   a z i m u t h   d a t a   b e c a m e  
v a l ' i d  a t  130 s e c ,   t h e  MODILS e l e v a t i o n   d a t a  were v a l i d  a t  202 
s e c ,   t h e   r a d a r   a l t i t u d e  w a s  v a l i d  a t  3 2 8   s e c ,   a n d   l a n d i n g   t o o k  
p l a c e  a t  a b o u t  341 sec pas t  t h e   i n i t i a t i o n   p o i n t .  A s  c an  be 
s e e n   f r o m   t h e s e   p l o t s ,   t h e   c o m p l e m e n t a r y   f i l t e r   g a v e   b e t t e r  
r e s u l t s   f o r   t h e  x-y c o m p o n e n t s   d u r i n g   t h e  first 130 sec when 
TACAN d a t a  were u s e d .   T h i s  is c o n t r a r y  t o  what w a s  e x p e c t e d  
b e c a u s e   t h e  Kalman f i l t e r  w a s  d e s i g n e d   t o   r e m o v e  TACAN b i a s  
errors. A t  t h e   p o i n t   w h e r e  MODILS range   and   az imuth   measure-  
men t s   became   va l id  (130 sec) ,  b o t h   f i l t e r s   p r o d u c e d   e x c u r s i o n s  
i n   t h e   y , ?   r e s i d u a l   c o m p o n e n t s .   D u r i n g   t h i s   t r a n s i e n t  
p e r i o d ,   t h e   c o m p l e m e n t a r y   f i l t e r ,   w i t h   h i g h e r   f i x e d   g a i n s ,  
had smaller r e s i d u a l s   i n   m a g n i t u d e .   A f t e r   t h e   t r a n s i e n t  
period, F i g .   2 2 b   i n d i c a t e s   t h a t   t h e   x ,  5 ,  y ,  j ,  r e s i d u a l s  
f rom  the   complemen ta ry  f i l t e r  had a h i g h e r   f r e q u e n c y   n o i s e  
c o n t e n t   w i t h  MODILS data ( a f t e r  130 sec) t h a n  when TACAN 
data were used. T h i s  is also c o n t r a r y  t o  what w a s  e x p e c t e d ,  
b e c a u s e  KODILS data s h o u l d  be 1 e s s . n o i s y . t h a n  TACAN d a t a .  
T h e   v e l o c i t y   c o m p o n e n t   r e s i d u a l s  ( x  a n d   y ) ,   b a s e d   o n  MODILS 
d a t a ,   v a r i e d  more s l o w l y   a n d  were much s m o o t h e r   w i t h   t h e  
Kalman f i l t e r .  T h u s ,   t h e  Kalman f i l t e r  v e l o c i t y   d a t a  are 
preferable f r o m   t h e  p i l o t  u s a g e   p o i n t - o f - v i e w   i n   t h a t   t h e  
d i s p l a y s   a n d   g u i d a n c e  commands are smooth.   The t w o  f i l t e r s  
p r o d u c e d   e s s e n t i a l l y   e q u i v a l e n t   r e s u l t s   f o r   t h e  z , i  res idu-  
a l s  up  t o  a p o i n t  j u s t  b e f o r e   t o u c h d o w n   w h e r e   t h e  Kalman fil- 
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ter estimates deviated f o r   a b o u t  30 sec b e f o r e   r e c o n v e r g i n g .  
The   cause  of t h e   l a r g e   v e r t i c a l  error w a s  n e v e r   c o m p l e t e l y  
i s o l a t e d .   E x c e p t  fo r  t h i s   p a r t i c u l a r   a n o m a l y  i n  t h e  ver t ical  
c h a n n e l ,  it can  be s e e n   t h a t   t h e  t w o  filters produced  about 
t h e  same o v e r a l l   l e v e l s   o f   a c c u r a c y   f o r   t h e   f i r s t   f l i g h t  
segment .  

F i g u r e s   2 3 a   a n d   2 3 b   s h o w   t h e   r e s i d u a l s   f o r   t h e   s e c o n d  
f l i g h t   s e g m e n t   w h i c h   b e g a n   b y   u s i n g  TACAN data .  Many d i f f e r -  
e n t  in terrelated e v e n t s   o c c u r r e d   d u r i n g   t h i s   f l i g h t   s e g m e n t ,  
so  t h e y  are first e x p l a i n e d   b e f o r e   t h e   f i l t e r   r e s u l t s  are 
d i s c u s s e d ,   I n   t h i s  second s e g m e n t ,   t h e  MODILS r a n g e   a n d  azi- 
m u t h   d a t a  became v a l i d  a t  2 7 5   s e c ,   t h e  MODILS e l e v a t i o n  data 
became v a l i d  a t  331 s e c ,   t h e  radar a l t i t u d e   d a t a  were v a l i d  
a t  4 1 1   s e c ,   a n d  TACAN d a t a  were v a l i d   t o   b e   u s e d   a g a i n   b e g i n -  
n i n g  a t  4 2 1  sec. The MODILS range   measurements  (Rs) became 
i n v a l i d   ( d r o p   o u t )   t e m p o r a r i l y   f o r   a b o u t  4 sec b e g i n n i n g  a t  
333 sec. 

A s  n o t e d   i n   F i g .   2 3 a ,   t h e  Kalman f i l t e r  w a s  p l a c e d   i n  t h e  
s t a n d b y  mode f o r   a b o u t  10 sec b e g i n n i n g  a t  185 sec p a s t   t h e  
i n i t i a l   p o i n t .   T h i s  w a s  d o n e   b y   t h e   p i l o t  t o  r e i n i t i a l i z e  
t h e  Kalman f i l t e r   p r i o r  t o  b e g i n n i n g   t h e  downwind l e g   o f   t h i s  
s e g m e n t .   T h e   p i l o t   p l a c e d   t h e  Kalman f i l t e r   i n   t h e   s t a n d b y  
mode a g a i n   b e g i n n i n g  a t  440 sec ( a f t e r   f l y o v e r   o f   t h e  MODILS 
g r o u n d   e q u i p m e n t ) .   T h i s   s e c o n d   s t a n d b y   p e r i o d   l a s t e d   a b o u t  
4 0   s e c ,   a n d  i t  w a s  e n t e r e d   b e c a u s e   o f  large f i l t e r   e r r o r  
b u i l d u p   d u e  t o  loss  o f   v a l i d  MODILS d a t a   a n d   d e a d - r e c k o n i n g  
by t h e   c o m p l e m e n t a r y   f i l t e r .   T h a t  i s ,  t h e  K a l m a n  f i l t e r  
s o f t w a r e  w a s  d e s i g n e d  t o  o n l y   f u n c t i o n  when the   complemen ta ry  
f i l t e r  was f u n c t i o n i n g  i n  i ts  normal  mode. A t  t h e   e n d   o f   t h e  
c o m p l e m e n t a r y   f i l t e r   d e a d - r e c k o n i n g   p e r i o d   ( b e g i n n i n g  a t  
585 sec) ,  t h e   p i l o t   a g a i n   p l a c e d   t h e  Kalman f i l t e r   i n   t h e  
s t a n d b y  mode t o  r e i n i t i a l i z e   w i t h   t h e   v a l i d  TACAN d a t a .  Dur- 
i n g   t h e   s t a n d b y   m o d e s ,   t h e  K a l m a n  f i l t e r   o u t p u t  was h e l d  
c o n s t a n t  t o  t h e   v a l u e s  it had  a s  it b e g a n   t h e s e   p e r i o d s .  
A f t e r   t h e   t h i r d   s t a n d b y   p e r i o d  was comple ted  ( a t  600 s e c ) ,   t h e  
Kalman f i l t e r   b e g a n  t o  f u n c t i o n   a g a i n  by u s i n g   v a l i d  TACAN 
d a t a .  

A f t e r   t h e  MODILS d a t a  were l o s t  a t  t h e  runway   c ros sove r  
p o i n t   ( a b o u t   4 4 0  sec) ,  t h e   c o m p l e m e n t a r y   f i l t e r   b e g a n  a dead-  
r e c k o n i n g  mode t h a t   n o r m a l l y  lasts f o r  a p e r i o d  of 1 2 0  sec. 
However, a t  abou t   40  sec i n t o   t h i s   p e r i o d ,  it o b t a i n e d  some 
v a l i d  MODILS d a t a .   T h i s   c a u s e d   t h e   d e a d   r e c k o n i n g  mode t o  
res tar t .  T h e   d e a d   r e c k o n i n g  mode t h e n   c o n t i n u e d  f o r  120 sec. 
A t  t h e   e n d   o f   t h i s   p e r i o d .   t h e   c o m p l e m e n t a r y   f i l t e r  w a s  re- 
i n i t i a l i z e d   w i t h   t h e   v a l i d  TACAN d a t a .   T h i s  is d e p i c t e d   i n  
F i g .   2 3 b .  
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B e c a u s e   t h e   a i r b o r n e   v e r s i o n  of t h e  Kalman f i l ter  which  
was tested d i d  n o t   f u n c t i o n   d u r i n g   t h e   s t a n d b y  mode, t h e  
two f i l t e r  r e s i d u a l s   c a n   o n l y  be a d e q u a t e l y   c o m p a r e d   d u r i n g  
o t h e r  periods. T h i s  is now d o n e   b y   t a k i n g   e a c h   c h a n n e l  
( x , y , z )   o n e  a t  a time f rom  F igs .   23a   and   23b .  

F o r   t h e   x , x   c o m p o n e n t s   o f   t h e   s e c o n d  f l i g h t  segmen t ,  
up t o  t h e  first s t a n d b y   p e r i o d ,   t h e  Kalman f i l t e r   h a d  smaller 
r e s i d u a l s   t h a n   t h e   c o m p l e m e n t a r y  f i l t e r .  After t h e  first 
s t a n d b y   p e r i o d   a n d   u p  t o  when MODILS r a n g e   a n d   a z i m u t h  were 
a c c e p t e d ,   t h e  Kalman f i l t e r  p o s i t i o n   r e s i d u a l s   d e m o n s t r a t e d  
t r a n s i e n t   c h a r a c t e r i s t i c s   i n   r e c o v e r y  from t h e  s t a n d b y   c o n d i -  
t i o n .   W i t h  MODILS d a t a ,   t h e  Kalman f i l t e r  p o s i t i o n   r e s i d u a l  
converged  t o  a v a l u e   e q u i v a l e n t  t o  t h a t  of t h e   c o m p l e m e n t a r y  
f i l t e r .  Both  f i l ters  e x h i b i t e d  similar r e c o v e r y   c h a r a c t e r i s -  
t i c s  a f t e r  t h e  MODILS r a n g e   d r o p o u t   p e r i o d .   T h e  Kalman f i l t e r  
v e l o c i t y   r e s i d u a l  was s m o o t h e r   t h a n  t h a t  of t h e  complementary 
f i l t e r  up t o  t h e  s e c o n d   s t a n d b y   p e r i o d .  

Fo r  some r e a s p ,   t h e  Kalman f i l t e r  was n o t   i n i t i a l l y   c o n -  
verged f o r   t h e  y , ~  componen t s   du r ing  t h e  second   s egmen t .  
Convergence   occu r red  a f t e r  a b o u t  20 sec ( F i g .   2 3 a ) .  A f t e r  t h i s  
conve rgence ,   and  before t h e   f i r s t   s t a n d b y ,  t h e  complementary 
f i l t e r  had a smaller r e s i d u a l   t h a n   t h e  Kalman f i l t e r .   T h r o u g h -  
o u t   t h e  rest o f   t h i s   s e g m e n t ,   t h e  Kalman f i l t e r  y c h a n n e l  w a s  
m o s t l y   i n  a t r a n s i e n t   c o n d i t i o n   r e a c t i n g  t o  t h e  s tandby  modes  
and  data d r o p o u t .  I t  is n o t  c lear  d u r i n g  t h i s  r e m a i n i n g  
p e r i o d ' w h i c h  f i l ter  p r o d u c e d   t h e  smaller p o s i t i o n   r e s i d u a l .  
A g a i n ,   t h e  Kalman f i l ter  v e l o c i t y   c o m p o n e n t  was s m o o t h e r   t h a n  
t h a t   o f   t h e   c o m p l e m e n t a r y  f i l t e r .  

The z,; r e s i d u a l s  shown i n  Fig.  23b f o r  t h e  complemen- 
t a r y  f i l ter  were v e r y  small .  The  Kalman f i l t e r   p o s i t i o n  
r e s i d u a l s  shown i n  Fig.  23a  grew d u r i n g   t h e  MODILS r a n g e   d a t a  
d r o p o u t .   A l s o ,   t h e  i r e s i d u a l  was l a r g e r  up t o  t h e  p o i n t   o f  
MODILS r a n g e   d r o p o u t .   T h e   r e a s o n   t h e  Kalman f i l t e r  I, and 
errors g r e w   a p p r e c i a b l y   d u r i n g   t h e  MODILS r a n g e   d r o p o u t  is 
t h a t   t h e   f i l t e r  w a s  u s i n g  MODILS e l e v a t i o n  da t a  f o r  a l t i t u d e .  
T h i s   i n v o l v e d   u s i n g   e s t i m a t e d   v a l u e s   o f  x and  y t o  compute 
r a n g e   i n   t h e   c a l c u l a t i o n   o f   t h e   a l t i t u d e  (see E q .   ( A . 6 0 ) ) .  
Er rors  i n  x a n d   y ,   t h e r e f o r e ,   i n d u c e d   e r r o r s   i n   t h e  
a l t i t u d e .   T h e   c o m p l e m e n t a r y  f i l t e r  d o e s  a. similar c a l c u l a -  
t i o n ;   h o w e v e r ,   t h i s  f i l t e r  u s e s  a b l e n d i n g   a l g o r i t h m  [ 2 ]  t o  
go from b a r o - a l t i t u d e  data t o  a l t i t u d e   d e r i v e d  from MODILS 
e l e v a t i o n  data.  A t  t h e  time of t h e   r a n g e   d r o p o u t ,  t h e  b l end-  
i n g   h a d   j u s t   s t a r t e d ;   t h u s ,   t h e   a l t i t u d e   d e r i v e d   f r o m  MODILS 
e l e v a t i o n  data had a n e g l i g i b l e  effect  o n   t h e  f i l t e r .  The 
r e a s o n  for t h e   l a r g e r  i errors i n   t h e  Kalman f i l t e r ,   p r i o r  
t o  t h e   d r o p o u t ,  is n o t  known. 
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F i g u r e s   2 4 a   a n d   2 4 b   s h o w   t h e   p o s i t i o n   a n d   v e l o c i t y  es t i -  
mate r e s i d u a l s  f o r  t h e   t h i r d   f l i g h t   s e g m e n t .   T h e   i n i t i a l  
(first 100 sec) t r a n s i e n t  x-y ( p o s i t i o n )   r e s i d u a l s  f o r  t h e  
Kalman f i l ter  had a l a r g $ r . m a g n i t u d e   t h a n   t h o s e  of t h e  com- 
p l e m e n t a r y   f i l t e r .   T h e  x-y ( v e l o c i t y )   r e s i d u a l s   f o r   t h e  
Kalman f i l t e r  were s m o o t h e r   t h a n   t h o s e   o f   t h e   c o m p l e m e n t a r y  
f i l t e r .   T h e  t w o  f i l t e r s '  z,c r e s i d u a l s  were b o t h   q u i t e  
small. T h e s e   r e s u l t s  are s imi la r  t o  t h o s e   o f   t h e   f i r s t   f l i g h t  
s egmen t .  

. F i g u r e s   2 5 a   a n d   2 5 b   s h o w   t h e   p o s i t i o n   a n d   v e l o c i t y  es t i -  
mate r e s i d u a l s   f o r   t h e   f o u r t h   f l i g h t   s e g m e n t ,   w h i c h  is similar 
t o  t h e   s e c o n d   s e g m e n t .   T h e   c o m p l e m e n t a r y   f i l t e r  w a s  i n i t i a l l y  
i n  a d e a d - r e c k o n i n g   m o d e ,   a n d   t h i s   l a s t e d   f o r   a b o u t   1 4 0  sec. 
Also, a f t e r   l a n d i n g ,   t h e   c o m p l e m e n t a r y   f i l t e r   a g a i n   e n t e r e d  a 
dead- reckon ing  mode w h i c h   l a s t e d   a b o u t   1 0 0  sec.  D u r i n g   t h e s e  
d e a d   r e c k o n i n g   p e r i o d s ,   t h e  Kalman f i l t e r  Was n o t   f u n c t i o n i n g .  
T h u s ,   t h e  t w o  f i l t e r s   s h o u l d   o n l y   b e   c o m p a r e d   b e t w e e n   t h e  t w o  
s t a n d b y / d e a d - r e c k o n   p e r i o d s .   A l s o ,   d u r i n g   t h e   f o u r t h   f l i g h t  
s e g m e n t ,   t h e  MODILS d a t a  were n o t   u s e d   u n t i l   a b o u t   4 2 0  sec,  
e v e n   t h o u g h   t h e s e   d a t a  were v a l i d   b e f o r e   t h i s   p o i n t .   ( T h e  
n a v a i d  select ion w a s  n o t   a u t o m a t i c ;  i t  w a s  selected manua l ly  
b y   t h e   p i l o t . )   T h u s ,   u p  t o  t h i s   p o i n t ,   b o t h   f i l t e r s  were 
u s i n g  ,.TACAN d a t a .  

D u r i n g   t h e   f o u r t h   s e g m e n t  shown i n   F i g s .   2 5 a   a n d   2 5 b ,  
w h i l e   u s i n g  TACAN d a t a ,   t h e  Kalman f i l t e r  2 p o s i t i o n   r e s i d u -  
$1 w a s  smaller. D u r i n g  MODILS d a t a   u s a g e ,   t h e   F a l m a n  f i l t e r  
x v e l o c i t y   r e s i d u a l  was s m o o t h e r .   F o r   t h e   y , y   c o m p o n e n t s  
t h e   c o m p l e m e n t a r y   p o s i t i o n   r e s i d u a l  was smaller d u r i n g  TACAN 
u s a g e .   A g a i n ,   t h e  Kalman f i l t e r   v e l o c i t y   r e s i d u a l  w a s  smoother  
w h i l e   u s i n g  MODILS d a t a .   T h e  z p o s i t i ? n   r e s i d u a l s   f o r   t h e  
t w o  f i l t e r s  were b o t h   q u i t e  smal l .  The. z r e s i d u a i   f o r   t h e  
Kalman f i l t e r  w a s  i n i t i a l l y  somewhat larger t h a n   t h a t   o f   t h e  
c o m p l e m e n t a r y   f i l t e r .   T h e s e   o b s e r v a t i o n s  are similar t o  t h o s e  
made f r o m   t h e   s e c o n d   f l i g h t   s e g m e n t .  

F i g u r e s   2 6 a   a n d   2 6 b   s h o w   t h e   p o s i t i o n   a n d   v e l o c i t y  esti- 
mate r e s i d u a l s   f o r   t h e   f i f t h   f l i g h t   s e g m e n t .   F o r   p r a c t i c a l  
p u r p o s e s ,   t h e   p e r f o r m a n c e s   ( e r r o r   m a g n i t u d e s )  of t h e  t w o  
f i l t e r s   f o r   t h i s   s e g m e n t   o f   d a t a  were e s s e n t i a l l y   e q u i v a l e n t .  
Again ,  it can  be s e e n   t h a t   t h e   v e l o c i t y   r e s i d u a l s   f o r   t h e  
Kalman f i l t e r  were much smoo the r   t han   t hose   o f   t he   complemen t -  
a r y   f i l t e r .  

Based o n   t h e   a b o v e   r e s u l t s ,   t h e   f o l l o w i n g   c o n c l u s i o n s  
can  be made: 

(1) The  Kalman f i l t e r  can  be i m p l e m e n t e d   a n d   u s e d   f o r  
n a v i g a t i o n   p u r p o s e s   d u r i n g   t h e   a p p r o a c h   a n d   l a n d i n g  
p h a s e s   o f   f l i g h t .  
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( 2 )  The Kalman f i l t e r ,   w i t h  its t h r e e  extra s ta te  v a r i -  
ables,  d i d  n o t , p r o v i d e   a n y   m a r k e d   i m p r o v e m e n t   i n  
a c c u r a c y  over  t h a t   p r o v i d e d   b y   t h e   c o m p l e m e n t a r y  
f i l t e r .   T h u s ,   t h e  TACAN data f o r   t h e s e   f l i g h t s   c a n  
be judged  t o  be f a i r l y   a c c u r a t e .   T h a t   i s ,   t h e  
pe r fo rmance  of t h e   c o m p l e m e n t a r y   f i l t e r  w a s  n o t  
deg raded   due  t o  t h e  small TACAN r a n g e   a n d   b e a r i n g  
biases. 

( 3 )  The Kalman f i l t e r  p r o v i d e d   s m o o t h e r   v e l o c i t y   r e s i d u -  
a l s  t h a n   t h o s e   o b t a i n e d   f r o m   t h e   c o m p l e m e n t a r y   f i l -  
t e r .  T h e   c o m p l e m e n t a r y   f i l t e r   v e l o c i t y  r e s u l t s  
c o u l d   p o t e n t i a l l y  be i m p r o v e d   b y   c h a n g i n g   t h e   g a i n s  
i n d i c a t e d  i n  F i g .  8 .  

P i l o t  Comments 

The   mechan iza t ion  of t h e  Kalman f i l t e r   i n   t h e  STOLAND 
s y s t e m   f l i g h t   c o m p u t e r  w a s  s u c h   t h a t   b o t h  Kalrnan and  comple- 
m e n t a r y   f i l t e r   o u t p u t s  were s i m u l t a n e o u s l y   a v a i l a b l e .   T h e  
p i l o t   c o u l d  select  w h i c h   n a v i g a t i o n   s y s t e m  w a s  i n  u s e   b y  
m e a n s   o f   t h e  STOLAND k e y b o a r d   ( d a t a   e n t r y   p a n e l ) .   T h e   p i l o t  
f l e w   t h e   s y s t e m   i n   t h e   f u l l y   a u t o m a t i c   r e f e r e n c e   f l i g h t   p a t h  
mode f o r  t h e   f l i g h t  tes ts  so  t h a t   h e  was able t o  o b s e r v e   a n d  
c o m p a r e   t h e  two n a v i g a t i o n   s y s t e m s   w i t h o u t   a c t i v e l y   f l y i n g   t h e  
a i r c r a f t  . 

The   gene ra l   comment s   o f   t he  t e s t  p i l o t   d u r i n g   b o t h   p r e -  
f l i g h t   s i m u l a t i o n  tests a n d   t h e  a c t u a l  f l i g h t  tests were t h a t  
t h e  Kalman f i l t e r  was much be t te r  t h a n   t h e   c o m p l e m e n t a r y  
f i l t e r  when b o t h   s y s t e m s  were u s i n g   t h e  MODILS n a v a i d s .  On 
b o t h   f l i g h t   a n d   s i m u l a t i o n   t e s t s ,   t h e   p i l o t   w o u l d   a l t e r n a t e  
between t h e  t w o  s y s t e m s ,   a n d   h e   r e p e a t i n g l y  w a s  impressed   by  
t h e   s m o o t h n e s s   o f   t h e - f l i g h t   a n d   t h e   d i s p l a y s  when t h e  Kalman 
f i l t e r  w a s  e n g a g e d .   T h e   p i l o t   c o u l d   n o t  assess t h e   a c c u r a c y  
o f   e i t h e r   s y s t e m .  H e  d i d   r e p o r t ,   h o w e v e r ,   d u r i n g   t h e   f i n a l  
a p p r o a c h   o n   t h e   f i f t h   f l i g h t   s e g m e n t   w h e r e   t h e  Kalman f i l t e r  
was e n g a g e d ,   t h a t   t h i s  was one of t h e  best l o c a l i z e r   t r a c k i n g  
p e r f o r m a n c e s   t h a t   h e   h a d   o b s e r v e d .  A c o p y   o f   t h e   p i l o t   f l i g h t  
r e p o r t  is p r e s e n t e d  as  Table 3 .  
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TABLE 3 

NASA.  AMES RESEARCH  CENTER 

FLIGHT REPORT 

AODEL NO. 1 NO. 1 DATE OF TEST 

THC: 6 STOL-1. . 
Joa OROER 

12/10/76 

Hardy/Hindson 

PROJ. E ~ G .  p'LoT9iM 
~ T-6110~. . -. .~ ~~ ~~ D.Amith 

FLIGHT NO. T.O. G R O S S  WilC.G. FLIGHT  TIME 

TOE 5 L1: 30 411,3001 
" , . . ~ . . -~ ." . "_ 
PUR?GSE 

Collect  data on t!!e  Kalman f i l t e r  and make a pilot  evaluation  of  the  relative  perfonrace 
betwen  the  coqlezcntary and Kalman f i l t e r s .  

.." ~~ . ". ~- ~~ 
~. ii~ -. - . ~ . . - - 

Tne A/C was ferried  directly  to 1T.C. One 4D WE3 approach  with  the  conplementary f i l t e r ,  
2 .2D WPj  approaches  with  the Kalnan f i l t e r ,   a i d  2 3D FSP3 approaches  switching between 
f i l ters   far   p i lo?  evaluat ion were made.  The a i r  was s a w t h  and the  surface r h d s  were 
l ight  t o  5 h o t s .  Sone dctailcd  com,ents: 

0 The FAD1 w n t  blank on the  ferry  portion of -&e f l i g h t  and came back ~p on the 
f i r s t  touch a d  go. 

0 Kz lost  X4V \hen  attempting  to  switch between ST and h" TAC's on the  ferry  f l i$t .  
Ne had good s i p a l s .  

0 The f i r s t  approach with  the  conplenentary f i l t e r  was representative  of  previous 
f l igh ts ,  it., good performance on T.d with some S turning on short   f inal  on the >aS. 

0 The 2nd and j rd  approaches  with the Kalman f i l t e r  and 4D flew  the  path  but  ncver 
sloxed belo!<  120 kts.  Difficult  to  assess  the performance fron  the  pilots  vimvcinr.  

0 The 4 t h  a d  5th  approaches alternating between f i l t e r s  and using 3D were conpleted 

while on the T.\C Tortion of the fli$\t  but a s i g i f i c a n t  improvemcnt in  the YLS 
successfully.  %ere appe3ied t o  be l i t t l e   d i f f e rence  (from the  pilots  viekpoint) 

performance. The GS track  psrtion of the  last approach  as flown on the SaLmn 
f i l t c r  wi?h the  only  pilot  input  bekg an increase in prop RPM ak about 1000 feet .  
The p e r f o m c e  was outstanding wiit;? the  vehicle  stzying  alnost  exactly  in  the 

bar is also mch more steady with the Kalman f i l t e r  (as in  the  simulator).  
center of  the ILS bos until m u 1  takoover a t  50 feet .  The flight  pzth  acceleration 

0 Had some pitch up and pitch down pro51ms a f t e r  reengaging the system af te r   the  
go- arounds . 

In sumry from the  pilots vierqmint  the 'Kalnan f i l t e r  looks  very  promising. I recornnerd 
KC e v a l u t c  it in  thz  presence  of  turbulecce. 
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POST FLIGHT  ANALYSIS 

After  completing  the  flight  test  analysis,  some  further 
investigations  were  conducted by using  the  NASA  Ames  CDC 7600 
computer. The Kalman  filter was coded  on  the  CDC 7600, and 
then  driven  with  the  collected.flight  test  data. The primary 
goals  of  the  post-flight  analysis  were  to  explain  the  anoma- 
lies  seen in the  Kalman  filter  flight  test  results  and to 
develop  improvements  to  the  Kalman  filter. 

The residuals  that  were  produced by the  CDC 7600 computer 
did  not  duplicate  exactly  those  obtained  from  the  airborne 
computer (1819A). This is  because  of  differences in  the 
computer  characteristics, software, filter  initial  conditions, 
and  the  presence  of  data  dropouts. However, the  results  were 
close  enough  to  see  the  same  error  characteristics  for  each 
segment of flight as those  presented  in  Chapter IV. 

Initial  focus was placed  on  correcting  the  anomalies 
that  appeared  in  the  second  flight  segment  shown in Fig.  23a. 
The first  change  that was made  was  to  have  the  Kalman  filter 
continue  to  function  through  all  the  data. No standby  modes 
were  entered  in  the  CDC 7600 program. Thus, the  gaps  that 
appeared  in the  flight  results  for  the x,y residuals  (Fig. 
23a)  were  closed in the  CDC 7600 results.  Figure  27a  shows 
the  CDC 7600 simulation  results  of  the  Kalman  filter  position 
and  velocity residuals  for  the  second  flight  segment.  These 
results  are  comparable  to  those  from  the  airborne  case  shown 
in Fig.  23a. 

The  MODILS  range  data  dropout at 330 sec  had  a  more 
severe  effect  in  the  CDC 7600 results. As can  be  seen  in 
comparing  Figs.  23a  and 27a, the z position  residuals  are 
worse  from  the  CDC 7600 results.  Figyre  27b  shows  the  TACAN 
range  and  bearing  bias  estimates (b ,b ),  baro-altimeter  bias 
estimate (bh),  and wind  estimates  (w ,w ) obtained  from  the 
CDC 7600 simulation  for this same  flight  segment.  Note  that 
the baro-altitude  bias  estimates  match  the  character  of  the 
residual  of  the z position  estimate  shown in Fig.  27a. Thus, 
the  anomalous  vertical  channel  behavior  during  the  second 
flight  segment  can be attributed  to  mismodeling  of  the  vari- 
ous  error  sources in the  vertical  channel.  Upon  reversion  to 
use  of  baro-altitude  data  after  MODILS  dropout,  the  filter 
would  develop  a  large  altitude  bias  estimate  which  did  not 
exist. 

I\ :!k 
X Y  
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SEGMENT ON CDC 7600. 
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F u r t h e r  Kalman f i l t e r  i m p r o v e m e n t s   t h a t   a p p e a r e d  desir- 
able i n c l u d e d :  

( a )  r e d u c e   t h e   v e l o c i t y  errors when MODILS data were i n  
u s e  ; 

( b )  r e d u c e   t h e   d e l e t e r i o u s  effects  of t h e  MODILS r a n g e  
d r o p o u t  ; and  

( c )  e x p l a i n   a n d  correct t h e  a n o m a l o u s   v e r t i c a l   c h a n n e l  
b e h a v i o r   w h i c h   o c c u r r e d   d u r i n g   c l i m b o u t .  

Each o f  these d e s i r e d   i m p r o v e m e n t s  is now d i s c u s s e d .  

I t  was n o t e d   i n   t h e   p r e v i o u s   c h a p t e r  t h a t  t h e   v e l o c i t y  
r e s i d u a l s   a p p e a r e d  t o  be n o i s i e r  when u s i n g  MODILS d a t a   t h a n  
when u s i n g  TACAN d a t a .  I t  w a s  r e v e a l i n g  t o  c o m p a r e   t h e  
KODILS measured  a i r c ra f t  a z i m u t h   w i t h  t h a t  d e t e r m i n e d   b y   t h e  
t r a c k i n g  radars.  T h e   a z i m u t h   r e s i d u a l ' ( + r a d a r  
v e r s u s   t h e  MODILS a z i m u t h  is p l o t t e d   i n   F i g .  28 f o r  t h e  f i v e  
s e g m e n t s   r e c o r d e d .  A s  can  be s e e n   f r o m   t h i s  p l o t ,  t h e r e  is a 
m a r k e d   s i m i l a r i t y   i n   t h e   a z i m u t h   r e s i d u a l s   b e t w e e n   e a c h  seg- 
m e n t .   T h i s   i n d i c a t e s   t h a t   t h e  MODILS az imuth   had  a d e f i n i t e  
ang le -dependen t  error. T h i s  is t h e  so-called " r i p p l e  effect" 
which is due  t o  t h e   e l e c t r o n i c   s w e e p  of t h e   a z i m u t h  beam. 
T h i s  may be t h e  s o u r c e   o f   t h e   a b o v e - m e n t i o n e d   v e l o c i t y  errors. 
I t  is n o t  known whe the r  t h i s  e r r o r   s o u r c e  is c o n t a n t  or i f  i t  
f l u c t u a t e s   o n  a d a i l y  basis.  If t h i s  error is c o n s t a n t ,  i t  
c o u l d  be removed by   hav ing  its error c h a r a c t e r i s t i c s   s t o r e d  
i n  a t a b u l a r  form i n   t h e   a i r b o r n e   c o m p u t e r .  

- +MODILS 

The  method  used t o  r e d u c e  t h e  effect  of the az imuth  
r i p p l e  error  w a s  t o  i n c o r p o r a t e  a MODILS az imuth  da ta  we igh t -  
i n g  factor  i n  t h e  Kalman f i l ter  which is a f u n c t i o n  of azi- 
muth.   That  is,  t h e   a s s u m e d   s t a n d a r d   d e v i a t i o n   o f   t h e  MODILS 
a z i m u t h   n o i s e  error u u s e d   i n   t h e  f i l t e r  w a s  g i v e n   t h e  
v a l u e s   i n d i c a t e d  i n  Fig.  29. T h i s   f u n c t i o n   c a u s e d   t h e  MODILS 
d a t a  t o  be w e i g h t e d  less d u r i n g  t h e  t u r n i n g   p o r t i o n s   o f   t h e  
f l i g h t s  (where t h e   a z i m u t h  error due  t o  t h e   r i p p l e   e f f e c t  is 
c o n t i n u a l l y   c h a n g i n g ) .   C o n s e q u e n t l y ,   t h e   v e l o c i t y  estimate 
errors a t t r i b u t e d  t o  t h e   r i p p l e   w o u l d  be r e d u c e d   b e c a u s e   t h e  
MODILS d a t a   w o u l d  be w e i g h t e d  less d u r i n g   t h e   t u r n   t h a n  when 
on t h e  f i n a l   a p p r o a c h .  

+m 

T h e   e f f e c t s   o f  MODILS r a n g e   d r o p o u t  (item ( b ) )  would 
best be c o r r e c t e d   b y   m a k i n g  a h a r d w a r e   c h a n g e   i n   t h e  DME 
r e c e i v e r .   I m m e d i a t e l y ,   o n - t h e  loss  
w o u l d   p r o d u c e   a n   i n v a l i d  discrete.  
p r e d i c t e d   r a n g e   f o r   s e v e r a l   s e c o n d s  

of s i g n a l ,   t h i s   c h a n g e  
T h e   c u r r e n t   s y s t e m   u s e s  
b e f o r e   m a r k i n g   t h e  data 
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FIGURE 2 9 . -  MODILS  AZIMUTH NOISE ERROR MODEL USED TO 
MODIFY KALMAN FILTER RESULTS 

i n v a l i d .   T h u s ,   i n a c c u r a t e   r a n g e   i n f o r m a t i o n   c o n t i n u e s  t o  b e  
u s e d   u n t i l   t h e   i n v a l i d   d i s c r e t e  is g e n e r a t e d .  

To r e d u c e   t h e   e f f e c t   o f   t h e  MODILS r a n g e   d r o p o u t ,  a s o f t -  
ware change was made t o  t h e  CDC 7600 s i m u l a t i o n  o f   t h e   f i l t e r  
t o  l i m i t  t h e   r e s i d u a l s   p r o c e s s e d  by t h e   f i l t e r .  The l o g i c  w a s  
a r r anged  so t h a t   i f   t h e   r e s i d u a l  w a s  a b o v e   t h i s   t h r e s h o l d  
( c o n t r o l l e d   b y   t h e   e s t i m a t e d   v a r i a n c e   o f   t h e   r e s i d u a l ) ,   t h e  
r e s i d u a l  would  be  ignored ( i . e . ,  t h e  measurement  would  not 
be p r o c e s s e d ) .   F u r t h e r m o r e ,   t h e   a c c e p t e d  MODILS r e s i d u a l  w a s  
l i m i t e d  t o  a second smaller t h r e s h o l d .  The l i m i t  t h r e s h o l d s  
c h o s e n   f o r   t h e   s u b s e q u e n t  tests were: 

Range : 300 m (100 f t )  
Azimuth : 0.009 r a d  (0.516 deg)  

D e r i v e d   A l t i t u d e :  3 m (10 f t )  

T h i s   f u r t h e r   l i m i t e d   t h e  MODILS d a t a   s p i k e s .  
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To  mod i fy   t he  Kalman f i l t e r  z c h a n n e l   r e s u l t s ,   t h e  baro- 
a l t i t u d e  bias w a s  e s t i m a t e d   b u t   i g n o r e d .   T h a t  is, t h e  es t i -  
mated bias h a d   n o   e f f e c t   o n   t h e   r e s i d u a l s   u s e d  by t h e   f i l t e r  
i n   t h e   s u b s e q u e n t   m e a s u r e m e n t s .  

F i g u r e  30a s h o w s   t h e   s e c o n d   f l i g h t   s e g m e n t   r e s i d u a l s  
r e c o m p u t e d   w i t h   t h e  above t h r e e   m o d i f i c a t i o n s   i n c o r p o r a t e d  
i n t o   t h e  f i l t e r  software. F i g u r e  30b s h o w s   t h e   c o r r e s p o n d i n g  
wind  and bias estimates. A c o m p a r i s o n   o f   F i g s .   2 7 a   a n d  30a 
s h o w s   t h a t   t h e s e   c o r r e c t i o n s  make a s i g n i f i c a n t   i m p r o v e m e n t  
i n   t h e   o v e r a l l   r e s u l t s .   F o r   e x a m p l e ,   t h e   e f f e c t   o f   t h e   r a n g e  
d r o p o u t  a t  330 sec i n   t h e   v e r t i c a l   c h a n n e l  is p r a c t i c a l l y  
n e g l i g i b l e .   T h e   v e r t i c a l   c h a n n e l   t r a n s i e n t s  a t  420 sec are 
g o n e .   A l s o ,   t h e   m a g n i t u d e   o f   t h e  k,$ v e l o c i t y   r e s i d u a l s  
d u r i n g   t h e   t u r n i n g   p o r t i o n   o f   t h e   f l i g h t   ( b e f o r e  330 sec) are 
r e d u c e d ' b y   u p  t o  a f a c t o r   o f  t w o .  

By c o m p a r i n g   F i g s .   z 7 b   a n d   3 0 b ,  it can  be s e e n   t h a t   t h e  
wind estimates w and  w are a lso r e d u c e d   d u r i n g   t h e   t u r n -  
i n g   p e r i o d   b e c a u s e   o f  t h e  f i l t e r   m o d i f i c a t i o n s .   A l s o ,   t h e  
TACAN b e a r i n g  b i a s  estimate becomes m o r e   n e a r l y   c o n s t a n t .  I t  
is s e e n   t h a t   t h e   e s t i m a t e d  TACAN b e a r i n g  b i a s  and   t he   w ind  
components  are  q u i t e  small. T h u s ,   t h e s e  terms would  have 
l i t t l e  e f f e c t   o n   t h e   n a v i g a t i o n   s y s t e m ' s   p e r f o r m a n c e   o n   t h e  
d a y   o f   t h e   f l i g h t  t e s t .  

X Y 

The  above f i l t e r  m o d i f i c a t i o n s  were used  t o  r e p r o c e s s  
f l i g h t   d a t a   f r o m   t h e   f i r s t ,   t h i r d ,   f o u r t h ,   a n d   f i f t h   s e g m e n t s ,  
i n   a d d i t i o n  t o  t h e   s e c o n d   s e g m e n t .   F i g s .   3 1 a - 3 4 a   s h o w   t h e  
r e s i d u a l s   f r o m   t h e s e   s e g m e n t s  a s  computed   on   the  CDC 7600 
before t h e  f i l t e r  m o d i f i c a t i o n s  were made.   Figures   31b-34b 
show t h e  same r e s i d u a l s   a f t e r   t h e   m o d i f i c a t i o n s .  By compar- 
i n g   t h e s e   r e s u l t s ,  i t  can  be s e e n   t h a t   t h e   r e s i d u a l s   f o r  z , i  
arc  c o n s i s t e n t l y  smaller a f t e r   t h e   m o d i f i c a t i o n .   A l s o ,   t h e  
2 , y   r e s i d u a l s  are c o n s i s t e n t l y   r e d u c e d   d u r i n g   t h e   t u r n i n g  
p o r t i o n s   o f   e a c h   s e g m e n t   w h e r e  MODILS a z i m u t h   d a t a  were used .  

Note t h a t   i n   F i g .   3 1 a ,   t h e   t r a n s i e n t s   i n   t h e  z , i  com- 
p o n e n t s   t h a t   e x i s t   i n   F i g .   2 2 a   j u s t   b e f o r e   t o u c h d o w n   d o   n o t  
e x i s t   i n   t h e  CDC 7600 r e s u l t s .  A s  w a s  ment ioned  e a r l i e r ,  t h e  
c a u s e   o f   t h e   t r a n s i e n t  shown i n   F i g .   2 2 a  w a s  n e v e r   i s o l a t e d .  

Another  t e s t  w a s  made w h e r e   t h e   b a r o - a l t i t u d e  bias  and  
t h e  TACAN biases  ( r a n g e   a n d   b e a r i n g )  were removed   f rom  the  
f i l t e r .   T h e   r e a s o n   f o r   t h i s   c h a n g e  is t h a t  TACAN b e a r i n g  
b ias  is u n o b s e r v a b l e   b e f o r e   t h e  MODILS d a t a  are u s e d .   T h i s  
change  w a s  t e s t e d   o n   t h e   s e c o n d   s e g m e n t   o f   f l i g h t  da t a ,  and  
t h e   r e s u l t s  are shown i n   F i g .  35. T h i s   f i g u r e  is compared 
w i t h   t h e   r e s u l t s  shown i n   F i g .  30a. T h e s e   c h a n g e s   a f f e c t   t h e  
pe r fo rmance   p roduced   where  TACAN data is used   f rom 100 sec 
t o  280 sec and   f rom  450  sec t o  t h e   e n d   o f   t h e   s e g m e n t .  
D r o p p i n g   t h e  TACAN biases a p p e a r s  t o  d e c r e a s e   t h e   x , y  resid- 
u a l s  from 100-280 sec. A l s o ,   t h e  x r e s i d u a l  is improved 
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from 450 sec on.   The y r e s i d u a l   a p p e a r s  t o  be s l i g h t l y  
worse t h a n   t h a t  shown i n   F i g .  30a. I t  is c o n c l u d e d   t h a t   f o r  
t h e   d a t a  collected d u r i n g   t h i s   f l i g h t  t e s t ,  t h e  TACAN bias  
estimates do n o t   p r o v i d e   s i g n i f i c a n t   i m p r o v e m e n t  i n  p e r -  
f o r m a n c e .   T h a t   i s ,   , t h e  TACAN d a t a   a p p e a r e d   t o  be e s s e n t i a l l y  
f r e e   o f   b i a s   e r r o r s .   H o w e v e r ,   i f  large TACAN r a n g e   a n d  bear- 
i n g   b i a s e s  were a c t u a l l y   p r e s e n t ,   t h e i r   e s t i m a t i o n   w o u l d  
h a v e   i m p r o v e d   t h e   o v e r a l l  r e su l t s .  

In  summary, i t  is c o n c l u d e d   t h a t   t h e   f o l l o w i n g   s o f t w a r e /  
h a r d w a r e   m o d i f i c a t i o n s   w o u l d   s i g n i f i c a n t l y   i m p r o v e   t h e  Kalman 
n a v i g a t i o n  f i l t e r  t e s t e d   i n   t h e  STOLAND s y s t e m :  

Compensate fo r  t h e   r i p p l e  effect  i n   t h e  MODILS 
a z i m u t h   s i g n a l .   T h e   p o s t - f l i g h t   a n a l y s i s  demon- 
s t r a t e d   t h a t   w e i g h t i n g   t h e   a z i m u t h   d a t a  a s  a func -  
t i o n   o f   t h e   a z i m u t h   i m p r o v e d   t h e   p e r f o r m a n c e .  A 
bet ter  approach  would be t o  make h a r d w a r e   m o d i f i c a -  
t i o n s  t o  remove (or r e d u c e )   t h e   r i p p l e   e f f e c t   f r o m  
t h e  MODILS a z i m u t h   s i g n a l .  

I m p r o v e   t h e  error m o d e l   f o r   t h e   v e r t i c a l   c h a n n e l .  
T h e   p o s t - f l i g h t   a n a l y s i s   s h o w e d   t h a t   b y   i g n o r i n g  
t h e   b a r o - a l t i m e t e r   b i a s  estimate o b t a i n e d   f r o m   t h e  
Kalman f i l t e r ,   o n e   c o u l d   r e m o v e   t h e   a n o m a l o u s  
v e r t i c a l   c h a n n e l   e r r o r s   f o l l o w i n g   r e v i s i o n  from 
r a d a r  altimeter d a t a   t o  barometric altimeter d a t a .  

C o m p e n s a t e   f o r  t h e  e f f e c t s   o f   d r o p o u t   i n   t h e  MODILS 
DME d a t a .   T h e   p o s t - f l i g h t   a n a l y s i s   s h o w e d   t h a t  
b y   l i m i t i n g   t h e  MODILS r e s i d u a l s ,   o n e   c o u l d   r e d u c e  
t h e   e f f e c t s   o f   t h e   d r o p o u t ,  A bet ter  approach  
would be t o  m o d i f y   t h e  DME r e c e i v e r  so t h a t   t h e  
h a r d w a r e   f l a g   s h o w s   i n v a l i d   d a t a   i m m e d i a t e l y   o n  
loss o f   s i g n a l   i n   t h e  DME r e c e i v e r .  

C h a n g e   t h e   o n  board s o f t w a r e   s u c h   t h a t   t h e   s t a n d b y  
mode does n o t  d i s e n g a g e   t h e  Kalman f i l t e r .   F u r t h e r -  
m o r e ,   t h e  Kalman f i l t e r   i n i t i a l i z a t i o n  and o p e r a t i o n  
s h o u l d   n o t  be i n f l u e n c e d   b y   t h e   c o m p l e m e n t a r y   f i l t e r  
modes.  The  Kalman f i l t e r   s o f t w a r e   w h i c h  w a s  t e s t e d  
w a s  d e s i g n e d  so t h a t   b o t h   t h e  Kalman  and  complemen- 
t a r y   f i l t e r s   w o u l d  use t h e  same n a v a i d   i n f o r m a t i o n .  
The  Kalman f i l t e r   o p e r a t i o n  was c o n t r o l l e d  t o  some 
e x t e n t  by t h e   c o m p l e m e n t a r y   f i l t e r   i n   a n   a t t e m p t   t o  
get good   compara t ive   i n fo rma t ion .   The   des ign   d id  
n o t   a c c o m p l i s h   t h i s   p u r p o s e ;   f u r t h e r m o r e ,  i t  c a u s e d  
s e r i o u s  d e g r a d a t i o n s   i n   t h e  Kalman f i l t e r  p e r f o r -  
mance i n  cer ta in  r e g i o n s   o f   t h e   f l i g h t .  
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The above factors  (and  others) can also enhance the  per- 
formance of t h e  complementary f i l t e r .  Reference 13 describes 
t h e  r e s u l t s  of a paral le l   invest igat ion of complementary 
f i l t e r   modi f ica t ions   for   ach iev ing  improved navigation  per- 
f ormance . 
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VI 
1 
: CONCLUSIONS AND RECOMMENDATIONS 
! 

This study involved the implementation  of  an experimental 
Kalman filter based navigation system in the STOLAND avionics 
computer (Sperry 1819A). This implementation was then tested 
aboard the NASA Ames Twin Otter aircraft. The aircraft  posi- 
tion and velocity, as derived by the Kalman filter, were 
measured in the flight  test which consisted of five approach, 
landing, and  climbout  profiles. The position and  velocity 
were also simultaneously computed by the regular STOLAND 
navigation software. The results of the Kalman filter and 
the STOLAND system (complementary  filters)  derived state 
variables were then compared. Post-flight simulation studies 
were also conducted to determine improvements to the Kalman 
filter configuration. 

As a result of these studies, the following conclusions 
can be made: 

(1) It was shown that it is feasible to use a  Kalman 
filter in its full  form during t.he landing phase 
of flight for navigation computations. The state 
accuracy  provided is equal to or better  than  that 
provided by the more conventional complementary 
filter used  in the STOLAND system. 

( 2 )  The Kalman filter used  in this study provided 
smoother velocity estimates than  that  of the com- 
plementary filter. This is advantageous f o r  dis- 
play purposes. The test  pilot referred to the 
Kalman filter performance as "outstanding" in the 
ability to keep the aircraft  on the desired  approach 
b.eam. The errors in the horizontal position deter- 
mined by both filters (Kalman  and  complementary) 
were about  equivalent for the flight profiles 
flown. The potential  improved  accuracy of the Kal- 
man filter during usage of TACAN data when large 
bias errors in range and  bearing  could  be  present 
was not demonstrated in the flight tests because 
they were conducted  on  a  day  when the  TACAN biases 
were small. 

(3) The Kalman filter implementation for the tests 
required about three ( 3 )  times the  memory and 
about one and  one-half (1.5) times the computer 
time as that of  the.complementary filter  used 



in the comparison. The actual memory requirements 
for the Kalman filter were about 3000 words, and 
the time requirements were about 18% of the 1819A 
computer cycle time of 50 msec. Neither of these 
requirements is very large when considering modern 
computer technology. 

(4) In future flight tests, improved performance from 
the Kalman filter could be achieved by eliminating 
or limiting the barometric altimeter bias error 
estimate, and  by limiting the MODILS derived range, 
azimuth, and elevation residual magnitudes. Thus, 
the improved Kalman filter would estimate three 
components of position, velocity, and acceleration 
bias, TACAN range and bearing bias, and the two 
components of the horizontal wind  (thirteen state 
variables).  It was practical to keep the vertical 
channel (z filter)  essentially  decoupled from the 
horizontal plane (x-y  filter). 

The results of this study are being extended  at  NASA 
Ames to other aircraft such as the UH-1. They will be useful 
to future integrated navigation, guidance, and flight control 
investigations. 

Because of the good results from these terminal area 
studies, it appears possible to use the Kalman filter naviga- 
tion equations for the entire flight profile consisting of 
take-off, climbout, cruise, approach, and  landing. This 
would allow using data from multiple VOR/VOR o r  DME/DME com- 
binations in addition to the VOR/DME  (TACAN) used in this 
study. Then, the Kalman filter should provide greater 
improvements over the complementary filter. The reference 
frames necessary for such an  implementation  may  be different, 
such as those defined  in  Ref. 14. It is recommended  that 
such a universal implementation of  an  aided  inertial  naviga- 
tion system employing the Kalman  filter  be  developed  and 
flight tested  in the future. 
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APPENDIX A 

KALMAN  FILTER  FORMULATION 

This  appendix  first  summarizes  the  basic  Kalman  filter 
equations  and  the  filter  design  used  in the STOLAND  Flight 
Test  System. Then, the  specific  navigation  equations  used  to 
keep  the  estimate  of the state  current  and  the  error  equations 
used to update  the  filter  results  in  time  are  summarized. 
Next, the  equations  used in the  filter  to  process  the  external 
measurements  are  developed. Finally, measurement  preproces- 
sing, interface  with  the  regular  STOLAND  navigation system, 
and  filter  initialization  are  discussed. 

Basic  Kalman  Filter  Principles 

The error  stste  dx is defined as the  continuous  error 
in the  estimate X of  the aircraft’s true  state  vector X. 
That is, 

d x = X - X  . 
A 

The aircraft  navigation  error  state  considered in this  study 
had  fourteen  variables  (elements)  which are: 

3 - element  position  error  vector  with  respect  to  the 

3 - element  velocity  error  vector  with  respect  to  the 

3 - element  acceleration  bias vector, 
2 - element  error  in  horizontal  wind vector, 
1 - element  TACAN  range bias, 
1 - element  TACAN  bearing bias, 
1 - element  baro-altimeter  bias. 

runway, 

runway, 

For mechanization  convenience,  these  variables  were  separated 
into  a  group  of  ten  associated  with  the  aircraft  horizontal 
position  (x-y  filter)  and a  group  of  four  associated  with 
the  aircraft  vertical  position ( z  filter). This decoupling 
is explained  more  fully  later. The following  development 
initially  ignores  the  decoupling. 



T h e   f o u r t e e n   e l e m e n t s  of dx  are assumed t o  be small so 
t h a t   t h e   d y n a m i c s   w h i c h  describe t h e i r  time rate  of change  
c a n  be modeled b y   t h e   l i n e a r   m a t r i x   d i f f e r e n t i a l   e q u a t i o n ,  

Here, 
dx  = t h e  n ( 1 4 )   e l e m e n t  error s ta te  v e c t o r ,  

Fx = a n   n x n   s y s t e m   d y n a m i c s  mat r ix ,  

F = a n   n x m  error d i s t r i b u t i o n   m a t r i x ,  

q = a v e c t o r  of m r a n d o m   f o r c i n g   f u n c t i o n s  for  
compensa t ion  of error growth  caused  by  un-  
modeled error s o u r c e s .  

tl 

T h e   o b j e c t i v e  of t h e  Kalman f i l t e r  is t o  estimate t h e  
error s t a t e  dx  so t h a t :  ( a )  t h e  t r u e  a i rc raf t  s t a t e  can  be 
more a c c u r a t e l y   k n o w n ,   a n d  ( b )  t h e   e f f e c t s   o f  t h e  v a r i o u s  
s e n s o r  biases and   wind   can  be removed   by   compensa t ip .   The  
f i l t e r  estimate of t h e  error s t a t e  is d e f i n e d  as  dx.   The 
f u n c t i o n s  of t h e  Kalman f i l t e r  a l g o r i t h m  are t o :  ( a )  c a r r y  
t h e  error s t a t e  estimaze d x   a l o n g   i n   t i m e ,   a n d  ( b )  t o  up- 
date ( o r  i n c r e m e n t )   d x  based o n   e x t e r n a l   m e a s u r e m e n t  iFfor -  
mat ion .   Then ,   on  a r e g u l a r  b a s i s ,  t h e  errorAestimate dx 
is u s e d  t o  correct t h e  t o t a l  s t a t e  estimate X .  

Because  Eq.  (A.2) r e p r e s e n t s  a l i n e a r   s y s t e m ,  t h e  error 
s t a t e  dx   can  be advanced  from time p o i n t  t o  time p o i n t  by 
u s e   o f   t h e  s ta te  t r a n s i t i o n   m a t r i x .  T h e   a p p r o x i m a t e   s o l u t i o n  
t o  Eq. (A.2) f o r  dx  a t  time p o i n t  t k + l ,   g i v e n   d x ( t k ) ,  is 

Here, 
cp = t h e  s t a t e  t r a n s i t i o n   m a t r i x ,  

*U 
= t h e  f o r c i n g   f u n c t i o n   s e n s i t i v i t y   m a t r i x ,  

k t k  to t k + l )  u ( t  ) = a c o n s t a n t   ( i n   t h e   i n t e r v a l  
v e c t o r   f o r   a p p r o x i m a t i n g   t h e   e f f e c t s   o f  t h e  
r a n d o m   v e c t o r ,  q,  of   Eq.  (A.2). 
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The  Kalman f i l t e r  u t i l i z e d   i n   t h i s   s t u d y  w a s  d e s i g n e d  t o  
min imize  effects  c a u s e d  by:  ( a )  n u m e r i c a l   c a l c u l a t i o n  errors 
s u c h  as t r u n c a t i o n ,   a n d  (b )  mode l ing  errors r e s u l t i n g   f r o m  
v a r i o u s   a p p r o x i m a t i o n s .  Past  e x p e r i e n c e   h a s  shown t h a t   t h e  
s q u a r e  root i m p l e m e n t a t i o n  [ l o ]  of t h e  Kalman f i l t e r  algorithm 
c a n   r e d u c e  t h e  effects of t h e   n u m e r i c a l  errors t o  i n s i g n i f i -  
c a n t  levels .  The square root  i m p l e m e n t a t i o n  w a s  t h e r e f o r e  
i n c o r p o r a t e d   i n t o   t h e   d e s i g n   u s e d   i n  t h i s  s t u d y .   M o d e l i n g  
errors were c o m p e n s a t e d   b y   t h e   a p p r o p r i a t e   u s e  of random  forc-  
i n g   f u n c t i o n s .   T h i s   t e c h n i q u e   c a u s e s   t h e  more r e c e n t   m e a s u r e -  
men t s  t o  be we igh ted  more t h a n   p a s t   m e a s u r e m e n t s ;   t h e r e f o r e ,  
t h e  estimate t e n d s  t o  follow t h e  more r e c e n t   m e a s u r e m e n t s .  

An e s s e n t i a l   p a r t  of t h e  Kalman f i l t e r  is t h e   c o v a r i a n c e  
m a t r i x   P ( t , )  of t h e  error  state dx a t  each time p o i n t  tk.  
T h i s  matrix is g i v e n  by 

where 
W ( t , )  = t h e  s q u a r e  root of t h e   c o v a r i a n c e  P ( t k )  

( W T  is c a l c u l a t e d   i n  t h e   s q u a r e  root 
i m p l e m e n t a t i o n  of t h e  f i l t e r ) .  

E{ } = t h e  e x p e c t e d   v a l u e   o p e r a t o r .  

I t  is assumed t h a t  u(tk) of Eq. ( A . 3 )  is a random  indepen- 
d e n t   v e c t o r   s u c h  t h a t  

= o  i + Q  

It  is n e c e s s a r y  t o  u p d a t e  t h e  c o v a r i a n c e   m a t r i x  P f rom  one  
c o n s e c u t i v e  time p o i n t  tk t o  t h e   n e x t  tk+l. The   appropr i -  
a te  u s e  of the  e x p e c t e d   v a l u e   o p e r a t o r  w i t h  Eq. ( A . 3 )  g i v e s  
t h e  time u p d a t e  of t h e   c o v a r i a n c e   m a t r i x  as ,  



I 

From  Eq. ( A . 6 ) ,  it is s e e n   t h a t   o n e   c a n  form W (tk+l) as 
f o l l o w s  : 

T 

T h e   m a t r i x ,  W"( tk+l) of Eq. ( A .  7) has d imens ion  
( n + m ) x n .   T h e   H o u s e h o l d e r   a l g o r i t h m  described i n  R e f .  10 is 
u s e d   i n   t h e   f i l t e r   m e c h a n i z a t i o n  t o  r e d u c e  t h i s  m a t r i x  t o  an 
u p p e r   t r i a n g u l a r  form. T h a t   i s ,  a l l  t h e  terms below t h e  
d i a g o n a l  are z e r o   i n  the  r e d u c e d   m a t r i x .   T h e   m a t r i x   r e d u c -  
t i o n   a l g o r i t h m   l e a v e s  t h e  p r o d u c t  WWT i n v a r i a n t .  

A discrete  m e a s u r e m e n t   r e s i d u a l  ym is d e f i n e d  as t h e  

d i f f e r e n c e   b e t w e e n   t h e   e x t e r n a l  s t a t e  measurements   Ym(X, t )  
o f   t h e  a i r c ra f t  ( f rom a v a i l a b l z   p a v a i d s ,  a i r  data  s e n s o r s ,  
e t c . . )  and  t h e  computed   va lue  Y ( X , t , )  o f  t h e  measurements  
based on tpe  c o n t i n u o u s l y   a v a i l a b l e   n a v i g a t i o n   e q u a t i o n  s t a t e  
estimate X .  E x p l i c i t   d e f i n i t i o n s  of t h e   n a v i g a t i o n   e q u a t i o n s  
and   computed   measu remen t   equa t ions  are g i v e n   i n   t h e   n e x t  sec- 
t i o n .  I t  is a s s u m e d   t h a t   t h e   m e a s u r e m e n t   r e s i d u a l  is related 
t o  t h e  error s t a t e  dx  a t  t h e  time p o i n t  tm when t h e  
measurement is made by t h e   e q u a t i o n  

Y m ( t m >  = Ym(X,tm) 

= Hdx( tm)  + q . ( A . 8 )  

Here ,  
H = e x t e r n a l   m e a s u r e m e n t   d i s t r i b u t i o n   ( s e n s i t i v -  

i t y )   m a t r i x ,   a n d  

q = t h e   r a n d o m   n o i s e  error i n   t h e   e x t e r n a l  
measurement .  

F o r   a n   i n d i v i d u a l   m e a s u r e m e n t ,  H is a row v e c t o r .   T h e  Kal- 
man f i l t e r  is based upon t h e   s t r u c t u r e  of Eqs .  ( A . 2 )  and 
( A . 8 )  and  the assumed  Gauss ian  s t a t i s t i c a l  p r o p e r t i e s   t h a t  
describe t h e   v e c t o r s  q a n d   q .  
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S i m i l a r  t o  Eq. ( A . 8 ) ,  t h e  estimated m e a s u r e m e n t   r e s i d u a l  
a t  time p o i n t  is assumed t o  b e ,  t m  

Here, 
$ ( t  ) = t h e   c o m p u t e d   v a l u e   o f   t h e   p o s i t i o n  meas- 

u r e m e n t   r e s i d u a l  based o n   t h e  error s t a t e  
estimate d j i ( t m ) .  

E x t e r n a l   m e a s u r e m e n t s  can  be t a k e n   r a p i d l y  a t  a r b i t r a r y  
t i m e  p o i n t s  tm. For t h e   t e r m i n a l  area n a v i g a t i o n   s y s t e m  of 
t h i s   s t u d y ,  it is c o m p u t a t i o n a l l y   i n e f f i c i e n t  t o  a d v a n c e   t h e  
s q u a r e  root  c o v a r i a n c e  WT o f  E q .  ( A .  7) t o   e a c h   a r b i t r a r y  
t i m e  p o i n t  tm t o   p r o c e s s   e a c h   m e a s u r e m e n t .   T h u s ,   t h e  Kalman 
f i l t e r  is mechanized  t o  o p e r a t e   w i t h   c y c l i c   r e f e r e n c e  times 

between tk and  tk+l are used  t o  a d j u s t   t h e .  estimate dx 
a t  t h e  time p o i n t  tk.  F o r   t h e   s y s t e m   m e c h a n i z e d   i n   t h i s  

t k J   t k + l ’   t k + 2 J  e t c .  Then a l l  e x t e r n a l   m e a s u r e m e n t s   t a k e n  

s t u d y ,   ( t k + l  -t ) w a s  set a t  1 .5  sec. k 
The error i n   t h e  estimated r e s i d u a l  y m ( t m )  c a n  be found A 

f rom E q s .  ( A . 3 ) ,  ( A . 8 ) ,  and ( A . 9 )  t o  be a p p r o x i m a t e l y  

( A . l O )  

T h i s   n e g l e c t s   t h e   e f f e c t s   o f   t h e   d r i v i n g  term q ,  i n  Eq. 
( A . 2 ) .  E x p e r i e n c e   h a s  shown t h a t   t h i s   s i m p l i f i c a t i o n  is 
j u s t i f i e d  when t h e   u p d a t e   i n t e r v a l  (tk+l-tk) is small com- 
p a r e d  t o  t h e   n a t u r a l   f r e q u e n c i e s   o f  error growth  i n  t h e   n a v i -  
g a t i o n   e q u a t i o n s .  

To u p d a t e   t h e   e s t i m a t e d  error state dG( tk )   f rom  each  
o f   t h e   m e a s u r e m e n t   r e s i d u a l s   A y ( t m ) ,   t h e   f o l l o w i n g   c o m p u t a -  
t i o n s  are t y p i c a l l y   m a d e .   L e t  



rn rn m m 

Km = W( t k ) , W L (  t k ) H i / ( H m W (  t k ) W ' I ' (  tk)H: + Q) . ( A .  11) 

Here ,  Q is t h e   a s s u m e d   v a r i a n c e  of the   r andom error q i n  
t h e   m e a s u r e m e n t ,  

Q = E ( q  1 . 2 (A.  12) 

T h e n ,   t h e  new estimate of t h e   e r r o r  s t a t e  f o l l o w i n g   i n c l u s i o n  
o f  t h e  measurement  would be ,  

dji( tk)a = d j i ( t k ) b  + KiAy( tm)  . ( A .  13) 

H e r e ,   t h e   s u b s c r i p t   n o t a t i o n  ( ) and ( )b  means before and  
a f t e r   i n c l u s i o n   o f   t h e   m e a s u r e m e n t ,   r e s p e c t i v e l y .  

a 

T h e   s q u a r e  roo t  c o v a r i a n c e  matrix W ( t , ) ,  a f te r  i n c l u -  T 

s i o n  of t h e  measurement ,   would be u p d a t e d   b y ,  

w ( t k l a  = w ( tk)b  - B C ~ / D  , T  T 

D = (BTB + Q) [l + JQ/(BTB + Q)] 

(A.14) 

E q u a t i o n  (A.14) is referred t o  as P o t t e r ' s  algorithm (see 
Ref .  10). 

I n   o r d e r  t o  r e d u c e  t h e  n u m b e r   o f   o p e r a t i o n s   i n  t h e  a i r -  
b o r n e   c o m p u t e r   f u r t h e r ,   t h e   r e s i d u a l s  of e a c h   e x t e r n a l  meas- 
urement  were a c c u m u l a t e d   ( a n d   e f f e c t i v e l y   a v e r a g e d )   o v e r   t h e  
1 .5  sec p e r i o d  rather t h a n   i n d i v i d u a l l y  processed. T h a t  is, 
i n s t e a d   o f   u s i n g   E q s .  (A.lO)-(A.14) e v e r y t i m e  a n e w  measure-  
ment is t a k e n ,   t h e   r e s i d u a l s  of a p a r t i c u l a r   m e a s u r e m e n t  
v a r i a b l e  ( e . g . ,  TACAN r a n g e )  are a c c u m u l a t e d   o v e r  t h e  1 .5  sec 
p e r i o d   a c c o r d i n g  t o  
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A -  

(A.  15a) 

Ys - Ys + AY(tm) - (A.15b) 

Note that the residual in,Eq. (A.15a) is based on the esti- 
mated  total  measurement Y from Eq.,(A.8). This estimate is 
based on the  estimated  total state X at time which 
comes from the navigation equations. tm 

The measurement sensitivity matrix Hm, of Eq.  (A.ll) is 
computed and  accumulated  simultaneously  with the residual 
accumulation. That is, 

Hms - Hms 
- + Hm(tm) I (A.  16b) 

are used to accumulate Hm over the 1.5 sec period. Fur-  
thermore, the variance Q of Eqs. (A.ll) and (A.12) is 
replaced with the assumed variance Qs of the random noise 
error in the  accumulated residual. More  mechanization details 
are given on the residual sum  processing later. 

Now define the variance in the accumulated  residual of 
an individual measurement as 

Then, after the last external measurement has been  taken  and 
y,, Hms, Qs and S have been  computed during the 1.5 sec 
period, the estimated error state dG(tk) is updated  accord- 
ing to 

(A.18) 

As can be seen, Eq. (A.18) is a  variation  of Eqs. (A.11) and 
( A .  13). 
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A l s o ,  f o r  e a c h   a c c u m u l a t e d   m e a s u r e m e n t ,   t h e   s q u a r e  root 
c o v a r i a n c e  is u p d a t e d   a c c o r d i n g  t o  

wT = wT - w T T  H ~ ~ H ~ ~ w w ~ /  [s (  1 + -11 . ( A .  1 9 )  

E q u a t i o n  ( A . 1 9 )  is a v a r i a t i o n   o f   E q .   ( A . 1 4 ) .  

E q u a t i o n s  ( A . 1 8 )  and   (A.19)  are r e p e a t e d   f o r   e a c h   o f   t h e  
d i f f e r e n t   m e a s u r e m e n t s   i n   e f f e c t   ( e . g . ,  TACAN r a n g e   a n d  
b e a r i n g ,  a i r  d a t a ,   a n d   b a r o - a i t i t u d e ) .  T h i s   p r o d u c e s   a n  up- 
d a t e d  error s t a t e  estimate d x ( t k ) ,  a t  time p o i n t  tk.  T h i s  
estimate is t h e n   a d v a n c e d  t o  t h e  t i m e  p o i n t  tk+l a c c o r d i n g  
t o  

The e s t i m a t e d  t o t a l  s t a t e  is t h e n   u p d a t e d   b y  

where   ? ( tk+ l )b  is t h e   v a l u e   o b t a i n e d   f r o m   t h e   n a v i g a t i o n  

e q u a t i o n s .   A f t e r   c o m p l e t i o n   o f   E q s .   ( A . 2 1 ) ,   d j ; ( t k + l )  is 
set  t o  zero,  t h e   s q u a r e   r o o t   c o v a r i a n c e  is a d v a n c e d   t o  tk+l 
a c c o r d i n g   t o   E q s .   ( A . 7 ) ,   a n d   t h e   p r o c e s s  is r e p e a t e d   f o r   t h e  
n e x t   c y c l e .  

I n  summary, t h e   m e c h a n i z e d   f i l t e r  w a s  d e s i g n e d  t o  ope r -  
a t e  a l o n g  a time l i n e   i l l u s t r a t e d   i n   t h e   s k e t c h  below: 

E a c h   o f   t h e  time p o i n t s  tk ,  t l ,  e t c .  are 0 . 1  see a p a r t .   T h e  
major time i n t e r v a l   b e t w e e n   p o i n t s   t k  and t k + l  is 1 .5  sec. 
A t  t h e  s tart  o f   t h e   s e q u e n c e ,   t h e   f i l t e r   h a s  i ts  c o v a r i a n c e  
m a t r i x  P r e f e r e n c e d  t o  time p o i n t  t k .  A t  t h e  time p o i n t s  
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tk , t l ,  . . . ,  ti4, e x t e r n a l   m e a s u r e m e n t s  are a c c e p t e d   b y   t h e  fil- 

t e r ,  a n d   m e a s u r e m e n t   r e s i d u a l s   a n d   p a r t i a l s  are computed,  
accumula t ed ,   and   s aved  i n  t h e   p r e p r o c e s s i n g   r o u t i n e s .   A f t e r  
t h e   f i l t e r   p r o c e s s e s   t h e   m e a s u r e m e n t s  a t  t h e  time p o i n t  t14, 
t h e   r e s i d u a l  s u m s   a n d   p a r t i a l s  are u s e d  f o r   u p d a t i n g   t h e   i n -  
c r e m e n t a l  s t a t e  estimate a t  tk.  Then,  t h e   l o c a t i o n s   u s e d   f o r  
t h e   p r e p r o c e s s i n g  are cleared f o r   u s e   i n   p r e p r o c e s s i n g   t h e  
e x t e r n a l   m e a s u r e m e n t s  a t  tk+l a n d   t h e   s u b s e q u e n t  t i m e  
p o i n t s .  

T h e   r e s i d u a l   s u m s  are p r o c e s s e d   b y   t h e   f i l t e r ,   a n d   t h e  
i n c r e m e n t a l  s t a t e  change  is computed. When t h e s e   c a l c u l a t i o n s  
h a v e   b e e n   c o m p l e t e d ,   t h e   e s t i m a t e d  s t a t e  change  is advanced  
and   added  t o  t h e  t o t a l  s t a t e  a t  t h e  time p o i n t  tk+l. Mean- 
w h i l e ,   o t h e r   c o m p u t a t i o n s   u p d a t e  t h e  c o v a r i a n c e   m a t r i x  t o  t h e  
t i m e  p o i n t   t k + l ,   a n d   t h e   l o g i c  sets u p   t h e   f i l t e r   f o r   p r o -  
c e s s i n g   t h e   r e s i d u a l   s u m s   t a k e n   d u r i n g   t h e   n e x t  major time 
i n t e r v a l .   T h e   o n   b o a r d   p r o g r a m   o p e r a t i o n s  f o r  e x e c u t i n g   t h i s  
l o g i c   i n   t h e   S p e r r y  1 8 1 9 A  computer  are d e s c r i b e d   i n   A p p e n d i x  
B.  

N a v i g a t i o n   a n d  Error  E q u a t i o n s  

T h e   t h r e e - a x i s  Kalman f i l t e r   u s e d   i n   t h e  A m e s  STOLAND 
F l i g h t   T e s t   S y s t e m  i s  d e p i c t e d   i n   F i g .  10.  T h e   v e r t i c a l  
e l e m e n t s   o f   t h e   e s t i m a t e d  s t a t e  ( 2 - f i l t e r )   d i s c u s s e d   i n   R e f .  
6 ,  r e m a i n   d e c o u p l e d   f r o m   t h e   h o r i z o n t a l   e l e m e n t s   ( x - y   f i l t e r )  
d i s c u s s e d   i n   R e f .  5. A t t i t u d e   a n d   h e a d i n g   d a t a   a n d   t h r e e  
body-mounted accelerometers are used  t o  t r a n s f e r   t h e  accelera- 
t i o n   m e a s u r e m e n t s   i n t o   t h e   r u n w a y   r e f e r e n c e   f r a m e .   E x i s t i n g  
STOLAND 1 8 1 9 A  s o f t w a r e   p e r f o r m s   t h i s   t r a n s f o r m a t i o n  a t  a 20  Hz 
f r e q u e n c y .  

T h e   n a v i g a t i o n   e q u a t i o n s   u s e d  t o  k e e p   t h e  s t a t e  estimate 
c u r r e n t   i n t e g r a t e   t h e  terms 

a = z + Lax s x  r 

= 2 + "b2 r 

J 

, (A.22)  



where 
.. 
xr ,  Y r 9  Z 

bax bay  baz 

.. raw a c c e l e r a t i o n  i n  t h e   r u n w a y  refer- 

STOLAND s o f t w a r e .  
=! e n c e  frame as c o m p u t e d   b y   e x i s t i n g  

A A A 

= estimates o f   t h e   a c c e l e r a t i o n   m e a s u r e -  
ment biases. 

These  terms are n u m e r i c a l l y   i n t e g r a t e d   b y   t h e   e q u a t i o n s  

d G i ( t + A t f )  = dGi(t)  + asiAt  f '  

d G i ( t + A t f )  = dGi ( t )  + [dGi(t+Atf)+dGi(t)]Atf/2 . 
(A.23) 

H e r e ,   t h e   s u b s c r i p t s  i r e f e r  t o  t h e  three ( x ,   y ,   a n d  z )  com- 
p o n e n t s   o f   r u n w a y   r e f e r e n c e d ,  estimated c h a n g e   i n   p o s i t i o n  
(dGi) a n d   v e l o c i t y  (d;.) due  t o  a c c e l e r a t i o n  (as i ) .  E q u a t i o n s  
(A.23) are approx ima t ions   wh ich  are v a l i d  f o r  a " f l a t "  non- 
r o t a t i n g   e a r t h .   T h e  errors r e s u l t i n g   f r o m   t h i s   a p p r o x i m a t i o n  
are n e g l i g i b l e   i n   c o m p a r i s o n  t o  t h e  errors c a u s e d   b y   i n e r t i a l  
hardware c o m p o n e n t s   ( t h a t  is ,  t h e   e r r o r s   i n   t h e   a t t i t u d e   a n d  
h e a d i n g   r e f e r e n c e s   a n d   t h e  errors i n  t h e  body-mounted accel- 
erometers). I n   t h e   o n  board p r o g r a m ,   t h e  raw a c c e l e r a t i o n  
d a t a  is a c c e p t e d  and i n t e g r a t e d  a t  20 H z  ( i - e . ,  A t f  is 
0.05 sec) .  

1 

The vector f o r m   o f   t h e   e r r o r   e q u a t i o n s  is g i v e n   i n  E q .  
(A.2) where t h e   f o u r t e e n   e l e m e n t  error state v e c t o r ,   d x ,  is 
a s  d e f i n e d   p r e v i o u s l y .   I n   t h e   s u b s e q u e n t   s u m m a r y ,  it is 
a s s u m e d   t h a t   e l e m e n t s  of t h e   n o i s e   v e c t o r   u ( t , )  are a l l  
i n d e p e n d e n t   v a r i a b l e s   w i t h   u n i t   v a r i a n c e .   T h e   a c t u a l   m a g n i -  
t u d e s  associated w i t h   t h e   n o i s e  are i n c l u d e d  as c o n s t a n t s  of 
t h e  mu m a t r i x  of Eq.  (A.4). 

The t r a n s i t i o n   m a t r i x ,  @, is approx ima ted  as 

@ =  I + A .  (A.24) 

Here, I is t h e  i d e n t i t y   m a t r i x ,   a n d  A is a s p a r s e   m a t r i x  
w h i c h   r e p r e s e n t s   t h e   m a t r i x  Fx i n  discrete form.  I t  is now 
d e f i n e d  f o r  t h e  x-y p o r t i o n s   o f  t h e  f i l t e r .  
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The x-y portion  of  the  filter  has  ten  elements  which 
include : 

dx(1) = position  error  component  along  runway (dx), 

dx(2) = position  error  component  normal  to  runway 
(dY), 

dx(3) = velocity  error  component  along  runway 
(vx = dx), 

(vy = djr), 
dx(4) = velocity  error  component  normal to runway 

dx(5) = acceleration  bias  component  along  runway 
Wax) 9 

way  (bay), 
dx(6) = acceleration  bias  component  normal  to  run- 

dx(7) = TACAN  range  measurement  bias (br), 

dx(8) = TACAN  bearing  measurement  bias  (b ) ,  

dx(9) = wind  error  component  along  runway (wx), 
9 

dx(l0) = wind  error.  component  normal  to  runway  (w ) .  Y 

In the subsequent  discussion,  for  convenience,  the  de- 
tails  of  the  x-y  portion of the  filter  are  separated  from  the 
z portion  by  subscripts "x" and "z" . For.the horizontal  x-y 
portion  of  the  filter,  the  non-zero  elements  of A in Eq. 
(A.24) are  given by 

Ax(1,3) = Ax(2,4) = Ax(3,5) = Ax(4,6) = At , 

Ax(1,5) = Ax(2,6) = At /2 , 2 

Ax(7,7) = - At/tr , 

Ax(8, 8) = - At/r,,, , 

(A.25) 
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Here, 

A t  = period  over which t h e  t ransi t ion  matr ix  is 
used, 

r = time  constant  for  acceleration  colored  noise 
a (100 sec)  , 

r = time  constant f o r  TACAN range  colored  noise 
(1000 sec)  , 

= time constant for TACAN bearing  colored  noise 
‘9 (1000 s e c ) ,  

r W  
= time  constant  for wind error  colored  noise 

(100 sec ) .  

Nominal values used  for  the  t ime  constants  are shown i n  paren- 
theses.  

The nonzero  elements of the  forcing  matrix ( from @ux E q .  (A.4))  are  given  as 

(A.26) 

QUX(9,9> = @ux(lo,lo) = Q w 4 q  . 

Here, 

At = period of the major  time  update (1.5 s e c ) ,  

u = standard  deviation ( s t d )  of velocity  noise 
V (0.0762 m / s ) ,  

(3 = s t d  of acceleration  colored  noise  (0.1524 m / s  ) ,  

u = s t d  of TACAN range  colored  noise  (304.8 m ) ,  

2 
a 

r 
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t 
i 

u+ 
= std  of  TACAN  bearing  colored  noise (2 deg), 

uw = std  of  wind  colored  noise  (6.1 m/s). 

The z filter  has  a  four  element  error  state  comprised of 

dx(1) = vertical  position  component  error (dz), 

dx(2) = vertical  velocity  component  error  (vz = d;), 

dx(3) = vertical  acceleration  bias  component  error 
(baz) 

dx(4) = bias  error in barometric  altitude (bh). 

The non-zero  elements of AZ in E q .  (A.24) for  the z por- 
tion of the  filter  are  as  follows: 

AZ(1,2) = At , 

AZ(1,3) = At /2 , 

AZ(2,3) = At , 

2 

(A.27) 

AZ(3,3) = - At/ra , 

AZ(4,4) = - Ab/ rh . 

Here, 
r h  = time  constant  for  barometric  altimeter  colored 

noise (1000 sec). 

The non-zero  elements of the forcing  matrix (mu of E q .  

(A.3)) for the z-portion  of the filter  are  given by 

(A.28) 



Here, 
u = s t d  of barometric altimeter bias  colored n o i s e  

(60.96 m ) .  

A g a i n ,   t h e   n o m i n a l   v a l u e   f o r   t h e   s t a n d a r d   d e v i a t i o n  is g i v e n  
i n   p a r e n  theses. 

E x t e r n a l   M e a s u r e m e n t   P r o c e s s i n g   E q u a t i o n s  

T o A r e l a t e   t h e   e x t e r n a l   m e a s u r e m e n t s  t o  t h e  estimated 
s t a t e  X ,  mathematical models 0: t h e   m e a s u r e m e n t s  are r e q u i r -  
ed i n  terms of t h e  e l e m e n t s  of X .  The models are r e q u i r e d  
f o r :  

(1) d e f i n i n g  t h e  computed  measurgmgnt as a f u n c t i o n  of 
t h e  estimated s t a t e  ( i . e . J  Y ( X , t m )  u s e d   i n   E q .  
(A.15a) 

( 2 )  d e f i n i n g   t h e   p a r t i a l  r o w  v e c t o r   w h i c h  re la tes  t h e  
r e s i d u a l  t o  t h e  error s t a t e  ( i . e . ,  H of Eqs.  
( A . 8 )  a n d   ( A . l 6 a ) ) ,   a n d  

( 3 )  d e f i n i n g  t h e  v a r i a n c e   o f   ‘ t h e   r a n d o m  error i n  the 
measurement ( i - e . ,  Q of ( A . 1 7 ) ) .  

The models u s e d   i n  t h e  on   boa rd   p rog ram are d e v e l o p e d   i n  
t h i s  s e c t i o n  for TACAN, MODILS? a i r s p e e d ,   a n d   a l t i t u d e  
measurements .  

TACAN.- TACAN m e a s u r e m e n t s   c o n s i s t  o f :  ( a )  t h e   r a n g e  
f r o m   t h e  a i r c ra f t  t o  t h e   s t a t i o n ,   a n d  ( b )  t h e  b e a r i n g  ( w i t h  
r e s p e c t   t o   m a g n e t i c   n o r t h )  of t h e   s t a t i o n   w i t h   r e s p e c t  t o  t h e  
a i r c r a f t .  The  range  measurement  is modeled as 

Here, 

x, y ,  z = t h e  c o o r d i n a t e s   o f   t h e  a i r c r a f t  w i t h  
r e s p e c t  t o  t h e   r u n w a y  reference frame, 

x T , y T , z T  = t h e  c o o r d i n a t e s  of t h e  TACAN s t a t i o n  
w i t h   r e s p e c t  t o  t h e  r u n w a y   r e f e r e n c e  
f rarne , 

br = t h e  bias  e r r o r   i n   t h e   r a n g e   m e a s u r e m e n t ,  
and  
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qt  r = the  random  noise  error in the  range 
measurement. 

The estimated  measurement is computed  from 

Ytr = /(;-xT) + (G-y,) + (2-2,) 2 2 2 + G r  , (A.30) A 

where x, y ,  and Sr are  state  variables  obtained  from  the 
x-y filter,  and z is obtained  from  the z filter. 

A h  

A 

The non-zero  elements of the  row  vector €3 of  Eq. 
(A.8) are  calculated  from 

The variance Qtr  of the  random  noise  error  in  the 
TACAN  range  measurement is assumed  to  be a constant  given by 

Qtr = (92  m) . 2 (A.  32) 

The bearing  measurement is modeled as 

Here, 
qr = the azimuth of the  runway  with  respect  to 

magnet  ic north, 

b = the bias  error  in the bearing  measurement, * and 

qtb = the  random  noise  error in  the  bearing  meas- 
urement. 
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The estimated  measurement is computed from 

( A .  34) 

where x,  y, and 2, are state variables of  the x-y filter. 
h A  

4J 
The non-zero elements of the  row vector H for the bear- 

ing  measurement are calculated from 

The variance Q,, of the random noise error in  the 
TACAN bearing  measurement is assumed to be  a constant given by 

Qtb =( 1. deg) . 2 ( A .  3 6 )  

MODILS range and azimuth.- The MODILS measurements used 
in the x-y portion of the Kalman filter are range and azimuth 
from a  co-located DME transponder and  azimuth scanner. The 
range measurement is modeled as 

Ymr = J(X-X~)~ + ( y - ~ ~ ) ~  + (z-z m ) 2 + qmr . ( A . 3 7 )  

Her e, 

X = coordinates of the MODILS transponder 
m’ym3zm and scanner with respect  to the runway 

reference frame, 

qmr = the random noise error in the range 
measurement. 



The estimated  measurement is computed  from 

A 

Ymr = J(;;-xm)2 + (y-yrnl2 A + G-z m 1 2 . (A.  38) 

A 

Here, x andA y  are state variables  obtained  from  the x-y 
filter,  and z is obtained  from  the z filter. 

A 

The non-zero  elements  of  the row vector  H  for  the 
range  measurement  are  calculated  from 

The variance  of the random  noise  error  in  the 
measurement is assumed  to be a  constant  given by 

Qmr = (18.3 m) . 2 

( A .  39) 

range 

(A .40)  

The MODILS azimuth  measurement is modeled as 

Here, is a  random  error in  the  azimuth  measurement. qma 
The estimated  measurement is computed  from 

!gain, j ;  and f are  state  variables  of  the x-y filter, and 
z is  obtained  from the z filter. 

The non-zero  elements  of  the  row  vector  H  for  the 
azimuth  measurement  are  given  by 
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Here, r and  rl are  d e f i n e d  as 

(A.44) 

rl = 4 ; r - x m ) 2  + ( g - z  ) . 
2 

m 

T h e   v a r i a n c e  of t h e   r a n d o m  error i n  t h e  measurement is 
assumed t o  be a c o n s t a n t   g i v e n   b y  

Qma = ( 0 . 1  d e g )  . 2 (A.45) 

T r u e   a i r s p e e d ”   T h e   e x i s t i n g  STOLAND software computes  
t h e   l e v e l   c o m p o n e n t s  of t r u e   a i r s p e e d   i n  t h e  r u n w a y   r e f e r e n c e  
frame f rom a i r  d a t a   a n d   a l t i t u d e   d a t a .   T h e s e   c o m p o n e n t s  are 
assumed t o  be direct  m e a s u r e m e n t s   i n   t h e  Kalman f i l t e r ’ s  x-y 
f r a m e   r a t h e r   t h a n   u s i n g   t h e  more complex   mechan iza t ion   i n -  
v o l v i n g   a c t u a l  raw data s e n s o r s .  

The x and  y component a i r  data measurements  of t r u e  
a i r s p e e d  are modeled as 

Yax = v - w 
X X + q a x  J 

(A.46) 
y = v  - w  

a Y  Y Y + qay  

Here , 
v v = g r o u n d   v e l o c i t y   c o m p o n e n t s   a l o n g   a n d   n o r -  

mal t o  t h e   r u n w a y  , 

w w = w i n d   v e l o c i t y   c o m p o n e n t s   a l o n g   a n d   n o r -  
mal t o  t h e   r u n w a y  , 

= t h e  r a n d o m   n o i s e  errors i n   t h e  a i r  da t a  
q a ~ t  ‘ay measurements .  

The estimated measurements  are computed  from 

A A A 

Yax = v - w 
X x ,  

(A.47) 
Y = v  - w  

aY Y Y J  
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A A 

where  v  v  and  are  state  variables  of  the  filter. x’  y’  x’ Y 
The non-zero  elements of the row vector H for  along 

the  runway  are  given by 

Haxx(3) = 1 I 

Haxx(9) = -1. 

The  non-zero  elements o 
to the  runway  are  given by 

H (4) = 1. 
aYx 

H (10) = -1. 
aYx 

(A. 48a) 

f  the row vector H for  normal 

(A.48b) 

The variances  of  the  random  noise  error in the  air  data 
measurements are assumed  to  be  constants  given by 

Qax - Qay 
- = (0.61 m/s)’ . (A.49) 

Barometric  altimeter.- The barometric  altimeter mea$- 
urement is modeled as 

Yh = -Z + h + bn + qh r (A.50) 

Here, 
z = vertical  position  of  the  aircraft  with  respect 

to the  runway  reference, 

hr = runway  altitude  with  respect  to  sea level, 

bh = bias  error in the  barometric  altitude  meas- 
urement, 

qh = random  noise  error  in  the  barometric  altitude 
measurement. 

The estimated  measurement is computed  from 

? h = - ~ + h  A r + G h  , (A.51) 
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where z and gh are  state  variables of the z portion of the 
filter. The non-zero  elements of the row vector  H  are  given 
by 

A 

(A.52) 
Hhz(4) = 1. 

The variance of the random  noise  error  in  the  measurement 
is assumed to be  a  constant  given by 

Qh = (1.2 m) . 2 (A. 53) 

Radio  altimeter.- The radio  altimeter  measurement  is 
modeled as 

where  qr is random  noise  error  in  the  radio  altimeter  meas- 
urement. The estimated  measurement is computed  from 

Yr = -2 . A h ( A .  5 5 )  

The non-zero  element of the row  vector  H is 

H (1) = -1 . rz (A.56) 

The variance of the random  noise  error in the  measure- 
ment is assumed  to  be  a  constant  given by 

Qr = (0.6 m) . 2 (A.57) 

MODILS  elevation.-  Define  the  aircraft  relative  posi- 
tion  coordinates  with  respect  to  the  MODILS  elevation  antenna 
as 
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( A .  58) 

Here, (xE,YEY z E ) are the location  components  of  the  MODILS 
elevation  antenna  with  respect to the  runway  reference  frame. 
Also,  define the auxiliary  quantities 

z1 = z cos ( 5 ' )  - x sin (5') , e  e 

x1 = x  cos ( 5 O )  + ze sin (5O) , 

r 1 =-. 

e (A.59) 

The altitude  measurement  calculated  from  the  MODILS  elevation 
measurement is expressed as 

'e - - [-xe  sin (50)+rl tan(&  -5')]/cos ( 5 ' )  +qe . 

(A.60) 

In  Eq. ( A . 6 0 ) ,  

E = the elevation  measurement  above  the  horizontal 
plane, 

'e measurement. 
= the random  noise  error  in the pseudo-altitude 

Equation  (A.60)  requires the values  of xe, ye, and z which 
are not  available;  instead,  estimates of these  states  are  used 
in the  calculation. 

e' 

The estimated  measurement is given  by 

Ye - -z . 
A - A 

(A.61) 

111 

II - 



The non-zero  element of the row vector H is given by 

Hez(l) = -1 . (A.62) 

The variance of the random noise error  in the measurement is 
assumed  to be a range dependent quantity 

Qe = ( 0 . 0 0 2  rl) 2 , ( A .  63) 

where r of Eq. ( A . 5 9 )  is in meters. 1 

Measurement Preprocessing and Rejection 

The mechanized filter contains routines for calculating 
the residuals and partials (H vector) as just discussed, and 
for summing the results appropriately at a 10 Hz frequency. 
Each residual sum and its partial are transferred to appropri- 
ate arrays for processing by the Kalman filter algorithm  at 
the basic 0.667 H z  frequency. 

The preprocessing routines contain logic for executing 
the following steps in  a sequential manner for each measure- 
ment : 

(1) Test the hardware validity flags. If the measure- 
ment is invalid, the subsequent steps are bypassed. 
This step is omitted for the airspeed  and  baromet- 
ric altitude measurements because they do not have 
hardware validity flags. 

( 2 )  Compute the residual by Ayi = Yi-Yi (measurement 
* 

minus computed  measurement). 

(3) Test the reasonableness of the residual. If the 
residual magnitude exceeds a  precomputed tolerance 
level,  the subsequent steps are bypassed. 

(4) Accumulate the residual into the residual sum by - Ysi - Ysi +AYi' 
( 5 )  Calculate the H vector for the ith measurement.,  and 

reference the vector to time itk  by 
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(6) Accumulate  elements  of into  the  partial  sum by 

Hmsi  Hmsi + Hmi' 
Hmi - - 

(7) Increment  a  measurement  counter by unity.  (The 
number  of  valid  measurements in each  sum  is  calcu- 
lated. ) 

The TACAN  bearing  and MODILS azimuth  measurements  have 
additional  logic  before  Step ( 2 )  which  rejects  the  measurements 
if the  ground  distance  from  the  station (or scanner)  to  the 
aircraft is less  than 305 meters. 

Following  completion  of  the  above  logic  for  each  of  the 
measurements  (every 0.1 sec), a  marker is tested  to  determine 
if  the  basic 1.5 sec  basic  cycle is complete. If this test 
is passed, the incremental  state  changes  are  calculated, as 
is described  earlier. 

The variance  of  the  random  error in  each  residual  sum 
is calculated  from 

Qi = Qxx(nx) i  i 1.4 (A.64) 

where 
i 

Qxx = the  variance  for  an  individual  measurement, 

i n = the number  of  residuals  in  the  sum. 
X 

The  number 1.4 is used  to  account for the fact  that  the  ran- 
dom  error q in  each  measurement  has  some  correlation  from 
time  point  to  time  point. 

In  addition to  the  validity  flags  and  residual  reason- 
ableness tests, a  test is made on the  reasonableness of the 
residual  sum  before it is used  to  calculate an  incremental 
state  change. The Potter  algorithm  (see E q .  (A.14)) requires 
calculation  of  the  quantity 

= B ~ B  + Q (A.65) 

for  each  residual  sum.  Let 

y  sm = the  residual sum for  the  particular  standard 
deviation u involved - m 
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Then t h e   m e c h a n i z e d   f i l t e r  rejects t h e   m e a s u r e m e n t   i f  

C l Y  s m  I ' a m  ( A .  66) 

The v a l u e   o f  c u s e d   i n   t h i s   s t u d y  w a s  0 .25.  The v a l u e  of 
u for   each   measurement  is u s e d   i n  t h e   r e a s o n a b l e n e s s  t es t  
pr ior  t o  summing t h e   r e s i d u a l   ( S t e p  (3) above) .  

m 

I n t e r f a c e   W i t h  STOLAND 

The estimated error s ta te  is ob ta ined   f rom t h e  x-y and 
z filters e v e r y  1 . 5  sec. When t h e  error s ta te  is added t o  
t h e  s t a t e  estimate, discrete jumps  occur   which,  as a r e s u l t   o f  
t h e  low f r e q u e n c y ,  may b e   o b j e c t i o n a b l e  t o  t h e  p i l o t  o r  a u t o -  
matic c o n t r o l   s y s t e m .   I n  order t o . p r e v e n t  discrete changes  
f r o m   o c c u r r i n g   i n   t h e  s ta te  estimate used  by t h e  STOLAND s y s -  
t em,   smoo th ing   l og ic  w a s  d e f i n e d  as d e p i c t e d   i n   F i g .   1 0 .  T h i s  
logic  is e x p l a i n e d  here. L e t  

,-. 

xr = estimated p o s i t i o n   v e c t o r ,  

v = e s t i m a t e d   v e l o c i t y   v e c t o r ,  r 
c = p o s i t i o n   s m o o t h i n g   v e c t o r ,  

cv = v e l o c i t y   s m o o t h i n g   v e c t o r .  

,-. 

X 

Assume t h a t  e r r o r s  djir and dCr have   been   e s t ima ted  
(from t h e   f i l t e r s )  t o  be added t o  fir and   v r ,  r e s p e c t i v e l y .  ,-. 

Then a t  t h e  t i m e  of i n t r o d u c t i o n  (time p o i n t   t k + l ) ,   t h e  f o l -  
l o w i n g   e q u a t i o n s  are execu ted :  

( A .  67) 



. T h e n ,  a t  a 20 H z  f r e q u e n c y ,  cx and  c are d e c r e m e n t e d   i n  
a c c o r d a n c e   w i t h  V 

c ( t + A t f )  = a c x ( t )  , 
X 

(A.68)  

Here, a and  p are cons tan t s   computed   f rom 

( A . 6 9 )  

and  ( T ~ , T ~ )  are t i m e  c o n s t a n t s   f o r   d e c a y i n g   t h e  c and  c 
q u a n t i t i e s .  

X V 

Now d e f i n e   t h e   s m o o t h e d   p o s i t i o n   a n d   v e l o c i t y   v e c t o r s  a s  

n 

x = x  
S r + c x  J 

( A . 7 0 )  
n n 

v = v  -kcv  . 
S r 

A s  may be s e e n   b y   i n s e r t i n g  E q .  ( A . 6 7 )   i n t o   E q .   ( A . 7 0 ) ,  

(A.71)  

T h u s ,   t h e   d i s c r e t e   c h a n g e   ( d x r , d v  ) d o e s   n o t   c a u s e  a jump 
i n   t h e   s m o o t h e d  s ta te  estimate ( 2  G s )  u s e d   b y   t h e   p i l o t   a n d  
a u t o m a t i c   c o n t r o l   s y s t e m .   A l s o ,   t h e  error s t a t e  is a d d e d   i n  
a smooth  manner   using  Eqs.  ( A . 6 7 )  and   (A.70)  as t h e  c and  
cv s m o o t h i n g   v e c t o r s   d e c a y .   T h e   v a l u e s   f o r   t h e  time con-  
s t a n t s  'cx a n d  z V  were b o t h   s e l e c t e d  t o  be 5 sec. 

n n 

r 
s' 

X 
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Filter  Initialization 

The filter  mechanization was arranged  such  that  the 
start  of  initialization or reinitialization  occurs  consistent 
with  that  of  the  existing  STOLAND  complementary  filter. This 
was  done  to  give  valid  comparison  of the performance of the 
two  filters  during  the  simulation  and  flight  test  phases. 

The initialization  of  the  Kalman  filter  consists  of  the 
following: 

(1) setting  the  position (x,y,z) state  variables  from 
TACAN  and  barometric  altimeter data, 

(2) setting  the  velocity (vx,v vz) state  variables at 
Y' 

the  runway  referenced  true  airspeed  values (vz= 0), 

( 3 )  setting wind, acceleration bias, TACAN  measurement 
bias  and  baro-altimeter  state  variables zero, and 

( 4 )  setting  the  initial  square  root  matrix  in  a  manner 
consistent  with  the  above. 

The position  components are calculated  from 

x = x  t - rc cos (A$) , 
(A. 72) 

Y = Yt - r C sin ( A $ )  . 

ht = altitude  above  the  TACAN  station  computed 
from  barometric  altitude, 

The velocity  components  are  given by, 

v = Yax 3 

v = Yay 3 

X 

Y 

v = o  . 
Z 

(A.73) 
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The  non-zero e l e m e n t s  o f   t h e   i n i t i a l   s q u a r e  root  c o v a r i -  
f i l t e r  are g i v e n   b y   t h e  follow- 

u r  = s t d  of TACAN range bias  
2 305 m. 

u = s t d  of random  noise  error 
qr i n  t h e  TACAN r a n g e  meas- 

urement  Z 37m. 

= s t d  of TACAN b e a r i n g  
b i a s  2 2 deg .  

u = s t d  of random  noise  error 
‘$ i n  TACAN b e a r i n g .  

WX(7,3) = .uwx, 

WX(7,9) = UWX’ 

Wx(8,4) = u WY ’ 

= std of random error i n  
a i r speed   measu remen t  
0.61 m/sec. 

= s t d  o f  b ias  error i n  
i n i t i a l   h e a d i n g  2 deg. 

u = s t d  o f  x component of 
wind 2 6.1 m/sec. wx 

u = s t d  o f  y component of 
wy wind 6.1 m/sec. 
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WX(9,5) = u ax ’ U = acceleration random 
ax, Y 

e r ro r  s t d  = .3 m/sec . 2 
W x (  10,6) = u 

aY ’ 

The term qi above is the  magnetic  heading measurement a t   t h e  
time o f  i n i t i a l i z a t i o n .  

The non-zero  elements of the   ini t ia l   square  root   covari-  
ance  matrix Wz fo r   the  z f i l t e r   a r e  as follows: 

wz(131) = uhb, u = s t d  for   b ias   e r ror  i n  
hb bar0  a l t i tude 2 61 m .  

wz(1,4) = uhb, 

WZ(2,2) = u va ’ 0 = s t d  of i n i t i a l   v e r t i c a l  va e r ror  
3 ( . 3  m/sec). 

WZ(3,3) = u a z 9  uaz  = vert ical   accelerat ion 
random noise   error  s t d  

2 .3 m/sec . 
wz(4,1) = a h r ,  u = std of random er ror  i n  h r  baro-alt  imeter 2 1 . 2  m .  



APPENDIX B 

DESCRIPTION OF THE  AIRBORNE  NAVIGATION  SYSTEM 
MECHANIZATION 

T h e   n a v i g a t i o n   s y s t e m   e m p l o y i n g   t h e   K a l m a n  f i l t e r  
described i n  Appendix  A w a s  d e s i g n e d  t o  operate as a n   e x p e r i -  
ment  on t h e   T w i n  Otter a i rc raf t  b y   u s i n g   t h e  leftover memory 
and real  time of t h e  STOLAND a v i o n i c s   s y s t e m  software. The  
e x p e r i m e n t a l  ob jec t ives  were t o  compute   and  record t h e   n a v i -  
g a t i o n  o u t p u t s  from t h e  Kalman f i l t e r  b y   u s i n g   t h e  same r a w  
data s o u r c e s  as  were u s e d   b y   t h e  STOLAND c o m p l e m e n t a r y  f i l t e r .  
T h e   c o m p l e m e n t a r y  f i l t e r  o u t p u t s  were also computed   and  re- 
corded a t  t h e  same time ( i n  a t i m e - s h a r i n g   s e n s e )  as  t h o s e  of 
t h e  Kalman f i l t e r ;   t h i s  allowed a direct  c o m p a r i s o n  of t h e  
t w o  f i l ters '  p e r f o r m a n c e s .  

T h i s   a p p e n d i x  describes t h e   m e c h a n i z e d   K a l m a n   f i l t e r  
a l g o r i t h m  log ic  o f   t h e   a i r b o r n e   n a v i g a t i o n  program a n d   t h e  
e x e c u t i v e  log ic  w h i c h  provided t h e   t i m e - s h a r i n g   b e t w e e n   t h e  
o r i g i n a l  STOLAND software and t h e  Kalman f i l t e r .  

Execu t ive  Dr ive r  

I n  order t o  p r o v i d e   t h e   a v a i l a b l e  real time t o  m e c h a n i z e  
t h e  Kalman f i l t e r  log ic ,  i t  was n e c e s s a r y  t o  d e v e l o p  a new 
e x e c u t i v e   f o r   t h e  STOLAND s o f t w a r e   u s e d   o n   t h e   T w i n  Otter 
a i r c r a f t .  A macro f l o w c h a r t  of t h i s   e x e c u t i v e  is p r e s e n t e d  
i n  F ig .  B . l .  A t  t h e   b e g i n n i n g  of  program o p e r a t i o n ,  i n i -  
t i a l i z a t i o n   l o g i c  is e x e c u t e d .  The i ' n t e r r u p t s  are t h e n  
e n a b l e d ,   a n d   t h e   F a r   B a c k g r o u n d  l og ic  is e n t e r e d .  

I n   t h i s   s y s t e m ,   t h e   F a r   B a c k g r o u n d  l og ic  is u s e d  t o  
e x e c u t e  lowest p r i o r i t y   c o m p u t a t i o n s   a n d  t o  mark time u n t i l  
v a r i o u s   i n t e r r u p t   s i g n a l s   i n d i c a t e   t h a t  it is time f o r  fas ter  
s y n c h r o n o u s   c o m p u t a t i o n s  t o  b e g i n .   T h e  program waits i n   t h e  
Far B a c k g r o u n d   r o u t i n e   u n t i l   a n   i n t e r r u p t   o c c u r s .   T h e  
STOLAND s y s t e m  1 8 1 9 A  c o m p u t e r  software c o n t a i n s  several 
levels  a n d   s o u r c e s  of program i n t e r r u p t .   H o w e v e r ,   o n l y   t h e  
m a i n  stream of c a l c u l a t i o n s ,   t r i g g e r e d   b y   t h e  1 kHz i n t e r n a l  
c l o c k   a n d   p e r t i n e n t  t o  t h e  Kalman f i l t e r  m e c h a n i z a t i o n  are 
described h e r e .  A clock i n t e r r u p t   c a u s e s   t r a n s f e r  of program 
o p e r a t i o n  t o  a loca t ion  w h e r e  a c o u n t e r  is d e c r e m e n t e d   a n d  
tested t o  d e t e r m i n e  i f  it is time t o  i n i t i a t e  t h e  20 H z  cal-  
c u l a t i o n s .  If n o t ,   t h e   p r o g r a m   r e t u r n s  t o  t h e   l o c a t i o n   w h e r e  
i n t e r r u p t e d ,   a n d  i t  t h e n   c o n t i n u e s   e x e c u t i o n .  
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If i t  is time t o  start t h e  20 H z  c o m p u t a t i o n s ,   t h e n   t h e  
n e c e s s a r y   q u a n t i t i e s   r e q u i r e d   f o r   r e c o v e r y  from t h e   i n t e r r u p t  
(register c o n t e n t s ,   p r o g r a m   l o c a t i o n  a t  i n t e r r u p t )  are s a v e d  
i n  a s o f t w a r e  push-down s t a c k .   T h e   p r o g r a m   t h e n   e x e c u t e s  
t h e   n o r m a l  STOLAND (foreground)   Twin  O t t e r  n a v i g a t i o n ,   g u i d -  
a n c e ,   c o n t r o l   a n d   d i s p l a y   c o m p u t a t i o n s .   T h e  STOLAND a v i o n i c s  
e q u a t i o n s  are s e c t i o n e d   s u c h   t h a t   t h e r e   a l w a y s   r e m a i n s  a 
small e s s e n t i a l l y   u n u s e d   p e r i o d   o f  time (> 1 msec) a t  t h e  
e n d   o f   e a c h  50 msec c o m p u t a t i o n   c y c l e .   T h i s   p e r i o d  w a s  u s e d  
t o  m e c h a n i z e   t h e  Kalman f i l t e r .   F o l l o w i n g   c o m p l e t i o n   o f   t h e  
STOLAND F o r e g r o u n d   e q u a t i o n s ,   t h e   p r o g r a m   e x e c u t e s   t h e  logic  
f o r  i n t e r f a c i n g   t h e  Kalman f i l t e r  l o g i c   a n d   a l g o r i t h m s   w i t h  
t h e  STOLAND a l g o r i t h m s .  

The  Kalman f i l t e r   e q u a t i o n s  are d i v i d e d   i n t o   t h r e e  
p r i o r i t y  levels  e x e c u t e d  a t  ra tes  o f  20 Hz, 10 Hz and   0 .667Hz .  
T h e s e   p r i o r i t y   l e v e l s  are s u m m a r i z e d   i n   e q u a t i o n   f o r m   i n   T a b l e  
2 of C h a p t e r  111. They are r e f e r r e d  t o  as  F o r e g r o u n d ,   F i r s t  
Leve l   Background ,   and   Second   Leve l   Background   equa t ions .  
T h e s e   p r i o r i t y   l e v e l s  are u s e d  t o  allow i n t e g r a t i n g   t h e  
accelerometer r e a d i n g s  a t  a h i g h  ra te  (10 Hz) ,   and  accumu- 
l a t i n g   t h e   p o s i t i o n   a n d  a i r  da ta  m e a s u r e m e n t s   ( f i x e s )   a n d  
p r e p r o c e s s i n g   t h e m  a t  a lower r a t e  (10 H z ) .  T h e r e  w a s  n o t  
real  time a v a i l a b l e  t o  e x e c u t e   t h e   e n t i r e  Kalman f i l t e r  a t  
t h i s   s p e e d .   T h u s ,  t h e  m a j o r i t y   o f  t h e  Kalman f i l t e r  computa- 
t i o n s  are s p r e a d   o v e r  t h e  real time a v a i l a b l e   d u r i n g  a 
1 .5  sec p e r i o d   ( 0 . 6 6 7  Hz). 

F i g u r e   B . 2   i l l u s t r a t e s   t h e   c y c l e s   u s e d   i n   m e c h a n i z i n g  
t h e  Kalman f i l t e r .  Also i l l u s t r a t e d  is t h e   d i v i s i o n   o f  time 
s p e n t   i n   e a c h   l e v e l   o f   c o m p u t a t i o n   o f   f i v e   e x a m p l e   c o n s e c u t i v e  
50 msec c o m p u t a t i o n   c y c l e s .   T h e   l o g i c   w h i c h   i n t e r c o n n e c t s  
e a c h   p r i o r i t y   l e v e l   i n   t h e  Kalman f i l t e r   c o m p u t a t i o n s  is 
e x p l a i n e d   f u r t h e r   i n   t h e   f o l l o w i n g   d i s c u s s i o n .  

F o l l o w i n g   c o m p l e t i o n   o f   t h e   F o r e g r o u n d   c o m p u t a t i o n s ,   t h e  
n e x t   l o g i c   s t e p   d e t e r m i n e s   i f  it is time t o  start t h e   F i r s t  
Level   Background (10 H z )  c a l c u l a t i o n s   e v e r y   o t h e r   c y c l e   o f  
t h e  Kalman f i l t e r .  If n o t ,   t h e   e x e c u t i v e  restores a l l  t h e  
q u a n t i t i e s   s a v e d   i n   t h e  push-down s t a c k  and b r a n c h e s  t o  t h e  
s a v e d   i n t e r r u p t   l o c a t i o n .   I n   t h i s   i n s t a n c e ,   t h e   p r o g r a m  
b r a n c h e s  t o  t h e   h i g h e r   p r i o r i t y   c o m p u t a t i o n s   i n   t h e   o r d e r :  
(1) 10 H z  ( i f  n o t  c o m p l e t e ) ;  ( 2 )  0.667 Hz (if n o t   c o m p l e t e ) ;  
o r  (3) Far   Background.  

If t h e  10 H z  c o m p u t a t i o n s  are t o  be i n i t i a t e d ,  a marker  
is tested t o  see i f  t h e   p r e v i o u s  10 H z  c y c l e   c a l c u l a t i o n s  
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were comple t ed  before t h e   i n t e r r u p t .   I f   n o t ,  a STOP* is exe- 
c u t e d   b e c a u s e   e i t h e r  a software or hardware  problem h a s  pre- 
v e n t e d   c o m p l e t i o n ' o f   t h e  10 H z  l o g i c   w i t h i n   t h e   a l l o w e d  t i m e .  
W i t h   n o   m a l f u n c t i o n ,   t h e  program p r o c e e d s  t o  e x e c u t e   t h e  10 H z  
Kalman f i l t e r  c o m p u t a t i o n s  shown i n  T a b l e  2 .  

F o l l o w i n g   c o m p l e t i o n   o f   t h e  10 H z  c o m p u t a t i o n s ,   t h e   n e x t  
l o g i c  s tep d e t e r m i n e s  i f  t h e   S e c o n d  Level Background  (0 .667 
Hz) Kalman f i l t e r   c o m p u t a t i o n s  shown i n  Table 2 s h o u l d   b e  
i n i t i a t e d .  If n o t ,   t h e   e x e c u t i v e   a g a i n  restores a l l  t h e  
q u a n t i t i e s  saved i n   t h e  push-down s t a c k   a n d   b r a n c h e s  t o  t h e  
s a v e d   i n t e r r u p t   l o c a t i o n .   I n   t h i s   i n s t a n c e ,   t h e   p r o g r a m  
b r a n c h e s  t o  t h e   h i g h e r   p r i o r i t y   c o m p u t a t i o n s   i n   t h e   o r d e r :  
( 1 )  0.667 H z  ( i f  n o t  c o m p l e t e ) ;  ( 2 )  Fa r   Background .  

I f   t h e  0.667 H z  computa t ions   (Second  Level   Background)  
s h o u l d  be i n i t i a t e d ,  a marker  is tested t o  see w h e t h e r   t h e  
p r e v i o u s  0.667 H z  c y c l e   c o m p u t a t i o n s  were c o m p l e t e d   i n   t h e  
a l l o w e d  time. If n o t ,  a STOP is e x e c u t e d   i n d i c a t i n g   t h a t  a 
hardware  or software p r o b l e m   e x i s t s .   I f   n o   m a l f u n c t i o n  
e x i s t s ,   t h e   0 . 6 6 7  IIz c o m p u t a t i o n s  are  i n i t i a t e d .  

F o l l o w i n g   c o m p l e t i o n   o f   t h e   0 . 6 6 7  H z  c o m p u t a t i o n s ,   t h e  
e x e c u t i v e  restores t h e   q u a n t i t i e s   f r o m   t h e  push-down s t a c k  
a n d   b r a n c h e s  t o  t h e   s a v e d   l o c a t i o n   i n   t h e   F a r   B a c k g r o u n d  
comput a t  i o n s .  

Foreground (10 H z )  Logic   and   Computa t ions  

The  Kalman f i l t e r   l o g i c   a n d   c o m p u t a t i o n s   w h i c h  are exe-  
c u t e d  a t  20  Hz, are shown i n   F i g .  B . 3 .  The f i r s t   l o g i c  t es t  
d e t e r m i n e s  i f  a r t i f i c i a l   d a t a   s h o u l d   b e   g e n e r a t e d   i n t e r n a l l y  
for a s t r a i g h t - l i n e   p a t h .   T h i s   l o g i c  w a s  u sed  f o r  check-out  
p h a s e s ,   a n d  i t  is a c o n v e n i e n t  way o f   c h e c k i n g   t h e  Kalman 
f i l t e r   o p e r a t i o n s   f o r  new assemblies. 

F o r   n o r m a l   o p e r a t i o n ,   t h e  l og ic  first t r a n s f e r s   t h e  raw 
a c c e l e r a t i o n   d a t a   f r o m   t h e  STOLAND c o m p l e m e n t a r y   f i l t e r  loca- 
t i o n s  t o  t h e  Kalman f i l t e r   s t o r a g e   l o c a t i o n s  a t  a 20 H z  ra te .  
Then,  a l o g i c  tes t  d e t e r m i n e s   i f   t h e   p a r t i c u l a r   e n t r y  is a t  
t h e   s t a r t i n g  time f o r  a 10 H z  c y c l e .  If t r u e ,   t h e   n a v i g a t i o n  
a id  m e a s u r e m e n t s   a n d   t h e i r   v a l i d i t y   f l a g s  are t r a n s f e r r e d  

* 
The STOP w a s  o n l y   u s e d   i n   t h e   g r o u n d  tests of t h e   s y s t e m   i n  
t h e  STOLAND l a b o r a t o r y .   I n   t h e   a i r b o r n e   m e c h a n i z a t i o n ,   t h e  
STOP w a s  r e p l a c e d   w i t h  a b r a n c h  t o  t h e  RESTORE QUANTITIES 
FROM  PUSH DOWN STACK b l o c k  shown  on F i g .  B . 1 .  T h e   a i r b o r n e  
m e c h a n i z a t i o n  t r ies t o  c o m p l e t e   t h e  logic b y   s k i p p i n g   a n  
i n t e r v a l .  

1 2  3 
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from STOLAND loca t ions  used b y   t h e   c o m p l e m e n t a r y  f i l t e r  t o  
l o c a t i o n s   u s e d   b y   t h e   K a l m a n  filter. 

Next, t h e   n a v i g a t i o n   e q u a t i o n s  are e x e c u t e d .   T h e  first 
operat ion d e t e r m i n e s  i f  i n i t i a l i z a t i o n  is r e q u i r e d .   T h i s  
m a r k e r  is set t r u e  when t h e  regular  STOLAND c o m p l e m e n t a r y  
f i l t e r  b e g i n s  i t s  i n i t i a l i z a t i o n .  If i n i t i a l i z a t i o n  is 
required, t h e n   t h e   v a l i d i t y   f l a g s  for  t h e  TACAN data are 
t e s t e d .  If b o t h   t h e   r a n g e   a n d   b e a r i n g  are v a l i d ,   t h e  s t a t e  
variables are i n i t i a l i z e d ,   a n d   t h e   i n i t i a l i z a t i o n   m a r k e r  is 
set false.  If TACAN da ta  are n o t   v a l i d ,   t h e   r o u t i n e   r e t u r n s  
t o  t h e   m a i n   e x e c u t i v e   p r o g r a m .  

If i n i t i a l i z a t i o n  is n o t   r e q u i r e d ,   t h e   p o s i t i o n   a n d  
v e l o c i t y   e q u a t i o n s  are  i n t e g r a t e d   u s i n g   t h e   a c c e l e r a t i o n  
d a t a .   F o l l o w i n g   t h e   i n t e g r a t i o n ,  a m a r k e r  is t e s t e d  t o  d e t e r -  
m i n e  i f  a s t a t e  c h a n g e   ( u p d a t e )  is r e a d y .  If i t  is  r e a d y ,  
t h e n   t h e   i n c r e m e n t a l   c h a n g e  is a d d e d  t o  t h e  estimated s t a t e .  
T h e n ,  t h e  p r o g r a m   c o n t r o l   r e t u r n s  t o  t h e  ma in   p rog ram.  

First L e v e l   B a c k g r o u n d  (10 Hz) L o g i c  
a n d   C o m p u t a t i o n s  

F i g u r e  B.4 s h o w s   t h e   n a v i g a t i o n  a i d  m e a s u r e m e n t   p r e p r o -  
c e s s i n g  l og ic  w h i c h  is e x e c u t e d  a t  10 H z .  A m a r k e r  is tested 
f i rs t  t o  see i f  the  p r e p r o c e s s i n g  l o g i c  h a s   b e e n   i n i t i a l i z e d .  
T h i s   m a r k e r  is set  t r u e  a f t e r  t h e  s t a t e  var iab les  h a v e   b e e n  
i n i t i a l i z e d   i n   t h e   F o r e g r o u n d   n a v i g a t i o n   e q u a t i o n s  ( F i g .  B . 3 ) .  
After i n i t i a l i z a t i o n  ( i f  it is r e q u i r e d ) ,   t h e  log ic   does  t h e  
n e c e s s a r y   p r e p r o c e s s i n g  f o r  t h e  TACAN, MODILS, a i r  d a t a ,  and  
r a d a r  al t imeter m e a s u r e m e n t s  as d e s c r i b e d   i n   A p p e n d i x  A .  
T h e   t r a n s i t i o n  matrix e l e m e n t s  are t h e n   u p d a t e d  s o  t h e  matr ix  
is v a l i d  f o r  t h e   n e x t   e n t r y .  

T h e   i n c r e m e n t a l  s t a t e  c h a n g e   m a r k e r  is t h e n  t es ted .  If 
t r u e ,   t h e   r e s i d u a l  sums are c o r r e c t e d ,   a n d   t h e   i n c r e m e n t a l  
s tate c h a n g e  is u p d a t e d   w i t h   t h e   t r a n s i t i o n  matr ix .  The 
c h a n g e   r e a d y   m a r k e r  is t h e n  set t r u e  f o r  u s e   b y   t h e   F o r e g r o u n d  
logic.  

N e x t ,   t h e  res idua l  sum c y c l e   m a r k e r  is tested. E v e r y  
f i f t e e n t h   e n t r y  (1 .5  s e c ) ,   t h e   m a r k e r  is set t r u e .   T h e n ,   t h e  
r e s i d u a l   s u m s   a n d  p a r t i a l s  are t r a n s f e r r e d  f o r  u s e   b y   t h e  
S e c o n d   L e v e l   B a c k g r o u n d   e q u a t i o n s .   F o l l o w i n g   t r a n s f e r ,   t h e  
r e s i d u a l  and p a r t i a l  sum l o c a t i o n s  are cleared, a n d   p r o g r a m  
c o n t r o l   r e t u r n s  t o  t h e   m a i n  program. 
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Second  Level   Background (0.667 H z )  L o g i c  
and   Computa t ions  

F i g u r e  B . 5  s h o w s   t h e  Kalman f i l t e r   l o g i c   w h i c h  is exe- 
c u t e d  a t  0.667 H z .  The first test d e t e r m i n e s  i f  i n i t i a l i z a -  
t i o n  is r e q u i r e d .  If t r u e ,   t h e   s q u a r e  root c o v a r i a n c e ,  
t r a n s i t i o n   m a t r i x ,  a n d  f o r c i n g   f u n c t i o n   m a t r i x  are i n i t i a l -  
i z e d ,   a n d   t h e   i n i t i a l i z e   m a r k e r  is set f a l s e   b e f o r e   r e t u r n .  

If t h e   i n i t i a l i z e   m a r k e r  is f a l s e ,  a t e s t  is made t o  
d e t e r m i n e   i f   t h e r e  are a n y   m e a s u r e m e n t s   ( r e s i d u a l  sums) t o  be 
processed. If t r u e ,   P o t t e r ' s   a l g o r i t h m  (see Appendix A )  is 
u s e d  t o  p r o c e s s   e a c h   a v a i l a b l e   r e s i d u a l  sum i n  a s e q u e n t i a l  
m a n n e r .   A f t e r   c o m p l e t i o n ,   t h e   i n c r e m e n t a l  s t a t e  change   marker  
is set  t r u e   f o r   u s e   i n   t h e   F i r s t   L e v e l   B a c k g r o u n d   l o g i c .  

F i n a l l y ,   t h e   s q u a r e  root m a t r i x  is u p d a t e d  t o  t h e   b e g i n -  
n i n g   o f   t h e   n e x t   m e a s u r e m e n t   a c c u m u l a t i o n   p e r i o d  (see Appendix 
A ) .  T h e n ,   p r o g r a m   c o n t r o l  is a g a i n   r e t u r n e d  t o  t h e   m a i n  
e x e c u t i v e .  
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